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Editorial on the Research Topic 


Enhancing agricultural water management: techniques for improving crop water efficiency and sustainability


The global agricultural landscape faces unprecedented challenges: escalating water scarcity, climate volatility, and the urgent need to reconcile productivity with environmental stewardship. This Research Topic, “Enhancing Agricultural Water Management: Techniques for Improving Crop Water Efficiency and Sustainability,” presents cutting-edge research that addresses these dual imperatives. The 13 studies compiled herein—spanning diverse crops, climates, and management systems—collectively advance our understanding of how precision water and nutrient management can optimize yields while minimizing ecological footprints.



1 Core themes and innovations



1.1 Precision irrigation as a game-changer

Subsurface drip irrigation (SDI) emerges as a linchpin strategy. Studies on alfalfa (Ma et al.) and apples (Chen et al.) demonstrate SDI’s ability to enhance water use efficiency (WUE) by delivering water directly to root zones, reducing evaporation. Notably, SDI depth profoundly influences apple quality—a critical insight for arid horticulture. Similarly, work in oasis cotton fields (Zhang et al.) reveals biodegradable mulch films synergize with optimized irrigation quotas to improve soil hydrothermal conditions over multi-year cycles. The novel finding that daily minimum leaf turgor pressure reliably indicates apple tree water status (Chen et al.) further empowers precision irrigation scheduling.




1.2 Nitrogen-water synergies and emission mitigation

The delicate balance between water, nitrogen (N), and greenhouse gas emissions is dissected in alfalfa systems (Ma et al.). Optimized SDI combined with N management slashes N2O emissions by 19–32% while maintaining forage yields—a blueprint for low-carbon forage production. Iron-modified biochar (Zhang et al.) offers another breakthrough, adsorbing phosphorus and reducing P fertilizer needs by 20% in peanut fields. Sweet corn as summer catch crop can reduce nitrate leaching in the sweet cherry greenhouses (Hou et al.). These innovations prove that resource efficiency and emission reduction are achievable simultaneously.




1.3 Drought resilience and adaptive strategies

Arid-zone agriculture demands crop-specific adaptations. For Northwest China’s alfalfa (Ma et al.), optimized irrigation methods redistribute water and nitrogen toward deeper roots, bolstering drought resilience. Wheat studies (Zhang et al.) establish critical soil moisture thresholds governing carbon assimilate redistribution and grain formation—enabling targeted irrigation during sensitive growth stages. Cotton’s “dry sowing and wet emergence” technique exemplifies how strategic water timing enhances photosynthesis and yield in water-scarce environments (Ding et al.).




1.4 Organic amendments and soil health

Organic fertilizers’ role transcends nutrient supply: they rebuild soil structure and enhance water retention. Pumpkin production increased by 7.01%–25.26% with organic fertilization, linked to improved soil organic carbon and microbial activity (Ren et al.). However, pumpkin yield initially increased and then decreased in response to increasing organic fertilizer application (Yin et al.). Maize trials further confirm that aeration coupled with organic inputs alleviate soil compaction in drylands, boosting yields by up to 30% (Yu et al.).




1.5 Modeling and threshold-driven management

Predictive tools are vital for scalability. The evaluation of nine canopy resistance models identifies optimal approaches for estimating wheat evapotranspiration using the Penman-Monteith equation (Wu et al.). Mediterranean kiwifruit orchards leverage root-uptake dynamics and soil moisture thresholds to enable precision irrigation scheduling—reducing water use by 25% without yield loss (Calabritto et al.). Meanwhile, a water and solute transport HYDRUS-1D model was used to evaluate the effects of using sweet corn as a catch crop on deep water drainage and nitrate leaching in a sweet cherry greenhouse soil, guiding sustainable irrigation decisions (Hou et al.).





2 Cross-cutting implications



2.1 Water-smart technologies are location- and crop-specific

SDI excels in perennial systems (alfalfa, orchards), while moisture thresholds and modeling suit annual crops. Biodegradable mulches prove ideal for cotton in oases, whereas organic amendments shine in vegetable systems. Context is paramount.




2.2 Synergistic practices maximize co-benefits

The most successful interventions combine multiple levers:

SDI + optimized N management reduces emissions and conserves water.

Organic fertilizer coupled with precision irrigation improves soil health and crop quality.

Modeling + sensor-based thresholds enable predictive adaptation.




2.3 From field to policy

These studies provide actionable intelligence:

Policymakers should incentivize SDI in water-stressed regions and subsidize organic/slow-release fertilizers.

Farmers can adopt moisture thresholds and modeling tools for real-time decisions.

Researchers must expand long-term trials (e.g., 3+ years) to validate sustainability.




2.4 Future frontiers

While this Research Topic makes strides, knowledge gaps persist:

1. Economic Viability: Cost-benefit analyses of SDI/organic amendments at scale.

2. Digital Integration: IoT sensors + AI for dynamic irrigation-nutrient management.

3. Salinity Interactions: Water efficiency in salt-affected soils.

4. Global South Applications: Adapting techniques for smallholder systems.





3 Concluding remarks

Agriculture cannot thrive by prioritizing yield alone; it must harmonize productivity with planetary boundaries. The work in this Research Topic illuminates a path forward—one where every drop of water and gram of fertilizer is leveraged with precision. By embracing science-backed water management, we transform agriculture from a resource-intensive sector into a beacon of efficiency and resilience. The future of food security hinges on our ability to scale these innovations, and this Research Topic provides the empirical foundation to do so.





Author contributions

QW: Writing – original draft, Writing – review & editing. YS: Methodology, Data curation, Writing – review & editing, Resources. HZ: Supervision, Methodology, Data curation, Writing – review & editing.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Wu, Sun and Zhou.. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 17 October 2024

doi: 10.3389/fpls.2024.1487832

[image: image2]


Response of photosynthesis, population physiological indexes, and yield of cotton in dry areas to the new technology of “dry sowing and wet emergence”


Yu Ding 1, Jianqin Ma 1*, Jianghui Zhang 2, Yungang Bai 2, Bifeng Cui 1, Xiuping Hao 1, Guangtao Fu 3, Ming Zheng 2 and Bangxin Ding 4


1 College of Water Resources, North China University of Water Resources and Electric Power, Zhengzhou, China, 2 Xinjiang Institute of Water Resources and Hydropower Research, Drought and Water Hazard Defence Institute, Urumqi, China, 3 Centre for Water Systems, School of Environmental Science and Economics, University of Exeter, Exeter, England, 4 Key Laboratory of Agricultural Soil and Water Engineering in Arid and Semiarid Areas, Ministry of Education, Northwest A&F University, Xianyang, China




Edited by: 

Hanmi Zhou, Henan University of Science and Technology, China

Reviewed by: 

Xiangping Guo, Hohai University, China

Ali Baghdadi, University of Bologna, Italy

Jiaping Liang, Kunming University of Science and Technology, China

*Correspondence: 

Jianqin Ma
 majianqin@ncwu.edu.cn


Received: 28 August 2024

Accepted: 30 September 2024

Published: 17 October 2024

Citation:
Ding Y, Ma J, Zhang J, Bai Y, Cui B, Hao X, Fu G, Zheng M and Ding B (2024) Response of photosynthesis, population physiological indexes, and yield of cotton in dry areas to the new technology of “dry sowing and wet emergence”. Front. Plant Sci. 15:1487832. doi: 10.3389/fpls.2024.1487832






Introduction

In arid areas, exploring new "dry sowing wet emergence (DSWE)" water-saving irrigation techniques may become one of the most important ways to reduce agricultural irrigation water use and improve economic efficiency.





Methods

The study was conducted in a two-year field trial in 2021 and 2022, setting up three seedling emergence rates (W1: 6 mm, W2: 10.5 mm, W3: 15 mm) and two drip frequencies (D1: 2 times, D2: 4 times) for a total of six irrigation combinations.





Results and discussion

The results indicate that under the "DSWE" irrigation pattern, in contrast to the low frequency treatment, the photosynthetic efficiency of cotton leaves in the high-frequency treatment is significantly higher. The stomatal conductance of cotton leaves has increased by 6.67% within two years, and the net photosynthetic rate has risen by 12.22%. Compared with the CK treatment, there is no remarkable difference in the photosynthetic indicators of the W3D2 treatment, while the net photosynthetic rate has increased by 1.68%. The population physiological indicators of each treatment group exhibit a trend of initially increasing and then decreasing as the growth period prolongs. The differences in the group population physiological indicators of cotton at the seedling stage among different seedling water treatments are relatively minor. The high frequency treatment maintains a relatively high level throughout the growth period. Compared with the low-frequency treatment, the yields of lint cotton and seed cotton in the high-frequency treatment have increased by 14.77% and 20.89%, respectively. Compared with the winter irrigation technology, there are no significant differences in the cotton yield and quality indicators of the "DSWE" high-frequency and high-seedling water treatment (W3D2). Over two years, the average unit yields of lint and seed cotton have decreased by 1.95% and 3.01%, respectively. Nevertheless, irrigation water during the growth period declined by 38.46%. The appropriate "DSWE" irrigation technology (W3D2) can significantly enhance the physiological indicators of cotton, ensuring crop yield and quality while significantly reducing the amount of agricultural irrigation water.





Keywords: arid region, photosynthesis, population physiological index, quality, water management, yield




1 Introduction

Water scarcity significantly hampers sustainable agricultural development in numerous arid and semi-arid regions globally (Saco et al., 2020; Wang et al., 2023). One typical example is southern Xinjiang, characterized by intense sunlight, aridity, and minimal rainfall, with severely scarce freshwater resources (Yang et al., 2020; Ding et al., 2023). It is, however, an essential high-quality cotton production base and a typical type of purely irrigated agricultural area in China. It consumes up to 95% of agricultural water, primarily used for winter irrigation to leach soil salts and spring irrigation to maintain soil moisture pre-sowing (Feike et al., 2017; Ma et al., 2020a). However, the backwardness of water regulation technology and water resource management mode in arid areas has led to severe wastage of irrigation water, and the water resources in the region are decreasing. Consequently, meeting the water demand of crops during the reproductive stage, amidst the competing needs for salt washing and suppression during winter and spring irrigation periods, has become increasingly challenging (Li and Deng, 2021; Yang et al., 2022). The exploration and adoption of novel water-saving irrigation technologies have emerged as a pivotal strategy to enhance water resource utilization in Northwest China’s arid regions and to ensure the sustainable development of the agricultural economy (Fan et al., 2020; Cao et al., 2020).

The water control technology of “dry sowing and wet emergence (DSWE)” of cotton refers to the cotton field before sowing is no longer winter or spring irrigation, direct land preparation after laying the film and drip irrigation belt, and then cotton seeding, to reach the appropriate emergence temperature through the membrane drip irrigation method of a small amount of drip, so that the soil moisture under the membrane to meet the requirements of the cotton seedling emergence. This technology is essential in alleviating regional water shortages, saving costs, and increasing cotton farmers’ income. Integrating film moisture retention with drip irrigation, soil moisture content, and temperature can be effectively elevated, creating a favorable growth environment for cotton. This technology plays a pivotal role in mitigating regional water scarcity, reducing costs, and increasing the income of cotton farmers (Chen et al., 2021; Ma et al., 2020b). Comparatively, double-film mulching demonstrates notable advantages over single-film mulching, significantly enhancing cotton’s resilience to adverse climatic conditions and leveraging benefits such as temperature regulation, moisture preservation, soil condensation inhibition, and pest and disease prevention (Ai et al., 2011). In regions like Xinjiang Shihezi and Aksu, the widespread adoption of cotton double-film mulching technology has yielded favorable outcomes. In contrast to single-film mulching, it has led to a 13.5% reduction in pest and disease incidence, an impressive seedling emergence rate of 84.2%, and a substantial increase of 46.5 kg per hectare in average yield (Wu and Liu, 2008).

Under-membrane drip irrigation technology is used in the “DSWE” water control approach to conserve water, retain moisture, and preserve heat. This technique efficiently uses water resources to reduce temperature loss and soil moisture evaporation, resulting in soil and water conditions favorable for cotton seedlings’ growth. Luo et al. (2016) observed a significant decrease in photosynthetically active radiation of cotton leaves with increasing irrigation water quantity. Concurrently, the total biomass and biomass of organs increased by 6.5%-9.22% and 0.54%-1.4%, respectively, displaying a positive correlation between irrigation water quantity and photosynthetic indexes. Liu et al. (2022) and Zhang et al. (2016) noted that appropriate water irrigation, particularly high-water irrigation, significantly enhanced crop leaf photosynthetic capacity, while insufficient water irrigation led to photodamage in cotton leaves, thereby adversely affecting crop photosynthetic capacity. Additionally, drip frequency alongside irrigation water quantity may influence crop photosynthesis and yield characteristics. Li et al. (2017) observed that compared to low-frequency irrigation, high-frequency irrigation notably increased cotton leaf area index and dry matter accumulation, with a corresponding rise in group photosynthetic potential, group net assimilation rate, and group leaf area index. However, contrary findings indicated a negative correlation between cotton leaf area index and population physiological indicators, suggesting a decrease in physiological indicators with increased cotton leaf area index. Mahmood et al. (2021) and Wang et al. (2019a) investigated the effects of irrigation practices and mulch cover on physiological indicators of cotton. They found that high irrigation water treatments with significantly better water retention and thermal insulation under double-film cover significantly increased the photosynthetic rate of the cotton crop. Similarly, Karademir et al. (2011) and Ma et al. (2024) observed that increasing water gradient positively influenced cotton leaf area index, dry matter accumulation, and cotton yield. Consequently, the complexity of cotton photosynthesis, population physiological indicators, and yield quality characteristics due to various irrigation water gradients, drip frequencies, and mulching techniques underscores the necessity of identifying optimal irrigation modes to ensure cotton growth, improve yield quality, and enhance water utilization.

Because “DSWE” new water-saving irrigation technology does not need winter or spring irrigation, only in the seedling period for appropriate water irrigation to ensure the average growth of cotton, the water control program in the seedling period is essential. It may cause the following problems: (1) Seedling water irrigation may not be able to ensure the average growth of cotton seedling period, reducing the cotton Crop physiological indicators, affecting cotton photosynthesis, and reducing cotton yield quality. Seedling water too large may lead to cotton root rot, seriously affecting the cotton yield. (2) If the drip frequency is low, in the seedling stage of a one-time water irrigation, soil moisture leakage to the deep seedling cotton due to the shallow root system not effectively using soil moisture, resulting in reduced water utilization. (3) In the southern border region, where the temperature is higher and the daily evaporation is more significant, a smaller amount of water at seedling emergence or a lower frequency of dripping may lead to faster evaporation of soil moisture after irrigation, which is unable to maintain the growth of subsequent crops. Therefore, we hypothesized that different irrigation frequencies and seedling emergence water volume of “DSWE” had significant effects on crop physiology and yield quality indexes and that increasing the frequency of dripping in the seedling period and the amount of water in the seedling emergence could significantly improve the physiological indexes of the crop population, photosynthesis indexes, and the size of the yield quality. In this regard, through the 2-year “DSWE” water control experiment, to study the dry sowing and wet out water control drip frequency and seedling water volume on cotton photosynthesis, group physiological indicators and yield quality size of the cotton, aiming to achieve the following objectives: (1) Research “DSWE” water control drip frequency and seedling water volume on crop photosynthesis, population physiological indicators and yield quality. (2) Explore the correlation and interaction between cotton physiological growth indexes, yield, and fiber quality under the water control mode of “DSWE.” (3) Optimize the best water control scheme of the new water-saving irrigation technology of “DSWE.”




2 Materials and methods



2.1 Overview of the test site

The experiment was conducted in Shaya County, Aksu Region, Xinjiang, Northwest China (latitude 41.22°N, longitude 82.78°E) (Figure 1). The study area exhibits a typical warm-temperate desert fringe climate, characterized by an average annual precipitation of merely 47.3 mm and a maximum annual evaporation of approximately 2000.7 mm, resulting in an evaporation-to-precipitation ratio of 42.3. Additionally, extreme weather phenomena such as wind, sandstorms, and hail are frequently influenced by neighboring desert sands and the Taklamakan Desert. Cotton stands as the primary cash crop within this locale. Soil physicochemical parameters in the study area are detailed in Table 1. The water table was approximately 3.8 m below the surface, and the soil pH was around 7.8.

[image: Map showing two panels: A on the left highlights Shaya County in western China with a red area. B on the right is a detailed map of Shaya County, featuring elevation (DEM), rivers in blue, forest areas outlined in green, and a red star marking Shaya County's location. A north directional compass and scale in miles are included.]
Figure 1 | Location map of the study area. (A) is Aksu Region, Xinjiang, China; (B) is a Topographic map of Shaya County, Aksu Prefecture.

Table 1 | Physical and chemical properties of soil before irrigation.


[image: Table showing physical and chemical properties of soil before irrigation at different depths. Depths: 0-20 cm, 20-40 cm, 40-60 cm. Field water holding capacity: 25.42%, 24.96%, 29.94%. Soil salt content in 2021: 1.79, 2.35, 1.22 grams per kilogram. Soil salt content in 2022: 1.84, 1.69, 3.27 grams per kilogram. Bulk density: 1.47, 1.48, 1.62 grams per cubic centimeter.]



2.2 Experimental design

From 2021 to 2022, three different seedling emergence water volumes were used, namely 6 mm (W1), 10.5 mm (W2), and 15 mm (W3), and two drip frequencies were designed, namely low frequency (2 times, D1) and high frequency (4 times, D2). Among them, the emergence water (W1, W2, W3) was completed at the emergence stage, and the remaining irrigation water was drip irrigation at the strong seedling stage. The water irrigation (emergence water) plus water irrigation at the strong seedling stage was the water irrigation quota at the seedling stage. The low frequency treatment (D1) was drip irrigation once at the emergence stage, and the strong seedling stage and high frequency treatment (D2) was drip irrigation twice at the emergence stage and the strong seedling stage (Table 2). At the same time, a local winter irrigation control treatment (CK) was designed, with an irrigation water volume of 225 mm. For CK winter irrigation treatment, the irrigation time was in November of the previous year, and due to the lower temperature than that in winter, frozen soil was formed after water irrigation to the soil, and it was thawed after the temperature rose in the following spring to ensure water consumption at the seedling stage. The irrigation effect of the soil surface was roughly the same as that of the treatment with a large amount of emerging water (W3), and the irrigation effect was better than that of the treatment with a low amount of emerging water (W1).

Table 2 | Experimental design of the “DSWE” trial, 2021-2022.


[image: Table showing irrigation technology methods, grouped by emergence water and drip frequency, affecting seedling irrigation quota at different growth stages. Includes two methods: "Dry sowing and wet emergence" and "Winter irrigation," with varied water levels and treatments such as W1D1 and CK.]
The experiment conducted during 2021-2022 utilized the locally common cotton variety “Yuan Cotton No. 11” as the test crop, using a consistent planting configuration of 1 film, three tubes, and six rows. The experiment was conducted in a randomized split-plot design with three replicates in each plot, and the plot length was 10 m and width was 6 m. Fertiliser application and agronomic measures for cotton in the experimental site were based on local experience. The planting area was divided into wide rows, narrow rows, and bare ground between the film. Wide rows, narrow rows, and film were spaced at 66 cm, 10 cm, and 46 cm, respectively, with a plant spacing of 10 cm (Figure 2). Irrigation schedules and weather changes from 2021-2022 are shown in Figure 3, with water irrigated approximately every ten days from the present bud stage to the bell stage, with eight irrigations in 2021 and nine irrigations in 2022.

[image: Diagram A illustrates a planting pattern with narrow and wide rows of cotton plants, indicating spacing in centimeters. Image B shows a field at the seedling stage with young plants in rows. Image C depicts the same field at the flocculation stage, with mature cotton plants across the landscape.]
Figure 2 | Planting pattern and drip irrigation belt layout in 2021-2022. (A) is a diagram of drip irrigation belt deployment for cotton, (B) is the growth of cotton at the seedling stage, and (C) is the growth of cotton at the flocculation stage.

[image: Four graphs labeled A to D present weather and irrigation data. Graph A shows daily high and low temperatures with precipitation from April to July. Graph B displays similar data on a different scale. Graph C illustrates cumulative irrigation water over time with marked events SS, FFS, and FBS using lines W1D1, W2D1, and W3D1. Graph D presents similar data with lines W1D2, W2D2, and W3D2.]
Figure 3 | 2021 and 2022 cotton growing season meteorological variations and irrigation schedules. (A, B) Show the daily variation of temperature and rainfall during the cotton growing season in 2021 and 2022, and (C, D) show the timing and amount of drip irrigation during the cotton growing season for the low-frequency (D1) and high-frequency (D2) treatments, respectively, for the years 2021-2022. SS, PBS, FFS, FBS, and FS denote the seedling, present bud, full flowering, full bolling, and flocculation stages of cotton, respectively.




2.3 Indicators and methods



2.3.1 Leaf area index determination

The LAI-2200C Plant Canopy Analyzer (LI-COR Biosciences, Inc, USA) was used to measure the leaf area index during the reproductive period of cotton in 2021-2022. The probe was placed horizontally above the cotton canopy for zeroing and then placed horizontally inside the cotton population. Different positions (wide, narrow, and bare ground between the membranes) were selected for measurements.




2.3.2 Monitoring of relative chlorophyll values in cotton leaves

In 2021 and 2022, the relative chlorophyll value (SPAD) of the functional leaves of the main stems was determined using a SPAD-502 portable chlorophyll meter (Konica Minolta Holdings, Inc, JPN) during the reproductive period of cotton. The average value of the three parts of the leaves (the upper, middle, and lower parts) was calculated as the final SPAD value.




2.3.3 Determination of photosynthesis parameters in cotton leaves

In 2021-2022, the photosynthetic performance of cotton plant leaves was determined at each reproductive period of cotton using a CI-340 handheld photosynthesis system (CID Bio-Science, Inc, USA) portable photosynthesis system tester, daily changes in photosynthesis were measured at 10:00, 12:00, 14:00, 16:00, 18:00 and 20:00 Beijing time. The natural light intensity was set before each measurement. The light intensity of the light source was set to be the same as that of the natural light intensity to minimize the influence of light intensity changes over time on the results. Then, the net photosynthetic rate (Pn), intercellular CO2 content (Ci), stomatal conductance (Gs), and transpiration rate (Tr) were measured in three cotton leaves under different treatments.




2.3.4 Monitoring of physiological indicators in cotton populations

In 2021-2022, 10 cotton plants were successively selected in each plot to monitor the population’s physiological indexes during the reproductive period. The physiological indexes of each treatment include community photosynthetic potential (LAD) and population net assimilation rate (NAR) as below:

[image: Formula for LAD is shown as the fraction two times L2 plus L1 over two times T2 minus two times T1.] 

[image: Equation for Net Assimilation Rate (NAR), given by the formula: NAR equals \(\frac{M_2 - M_1}{T_2 - T_1} \times \frac{\ln L_2 - \ln L_1}{L_2 - L_1}\).] 

Where L1 and L2 (m2/hm2) are leaf area at T1 and T2 time, respectively; M1 and M2 (g/m2) are dry matter accumulation at T1 and T2, respectively.




2.3.5 Cotton production and composition factors

Three randomly selected plots measuring 2.0 m × 2.0 m were harvested by hand during the 2021 and 2022 cotton harvests. The harvested cotton was weighed and counted to determine the number of active bolls, boll weight, and cottonseed yield. The cotton was threshed using a threshing machine, and the threshed cotton was weighed to determine the lint yield. The harvest index (HI) was calculated by dividing the cotton yield by the dry matter.




2.3.6 Cotton quality and component factors

At the harvest stage in 2021 and 2022, 50 randomly selected bolls from each plot were sent to the Cotton Quality Testing Centre of the Ministry of Agriculture (Urumqi, Xinjiang, China) for the determination of cotton fiber length, uniformity, strength, elongation, textile parameters, and staple fiber index. The fiber quality index (FQI) is determined below.

[image: Formula for Fiber Quality Index (FQI) is shown as FQI equals Fiber strength multiplied by Length multiplied by Uniformity divided by Fineness. Equation labeled as number three.] 





2.4 Data processing

The experiment was conducted in a completely randomized block design, with two drip frequencies (D1 and D2) and three seedling emergence volumes (W1, W2, and W3) in six treatments and three replications for each treatment. Two-factor analysis of variance (ANOVA) and multiple comparisons (p< 0.05) were performed using SPSS 25.0 to determine the differences in cotton physiological indices, yield, and quality between the treatments of emergence water volume and drip frequency. Principal Component Analysis (PCA) and correlation analysis of cotton yield and quality data using Origin2021 and plotting of correlation matrix. Using GeneCloud tools (https://www.genescloud.cn, March 30, 2024 access) on cotton physiological index interact ring heat map drawing; CAD2016 and ArcGIS 10.8 software were used to map the cotton planting pattern and the general situation of the experimental area.





3 Results



3.1 Cotton leaf area index

From 2021 to 2022, the LAI of each treatment tended to increase and decrease with the advancing growth period, reaching a maximum at the bell stage (9th August) (Figures 4A, B). LAI has a consistent upward trajectory across treatments from the bud stage to the boll stage (21st May to 9th August). Notably, growth is slower during the transition from the bud stage to blooming (21st May to 5th July). Subsequently, during the boll stage (5th July to 9th August), LAI significantly increased, reaching its peak for the reproductive phase. However, leaf shedding occurs from the boll to the spathe stage (9th August to 20th September) due to insufficient water irrigation, initiating cotton spitting, and flocculation of its leaf area index.

[image: Two graphs depict LAI (Leaf Area Index) data. Top left (A) shows dots representing LAI over dates for seven treatments. Top right (B) displays similar data with distinct patterns. Bottom graphs (C and D) are bar charts comparing LAI across treatments, with letters indicating statistical significance. The legend differentiates treatment groups by color.]
Figure 4 | Changes of leaf area index in cotton growth period from 2021 to 2022. (A, B) Show the characteristics of LAI dynamics during the cotton growing season in 2021 and 2022, respectively; (C, D) show the analysis of variance of LAI histograms during the cotton growing season in 2021 and 2022, respectively; different lowercase letters indicate significant differences between treatments (p<0.05); D, drip frequency; W, emergence water, *p<0.05, **p<0.01.

The effects of drip frequency and emergence water on LAI were highly significant (p<0.01), and the interaction of drip frequency and emergence water volume (D×W) on LAI was substantial (p<0.05) between the two years (Figures 4C, D). When the frequency of dripping was the same, LAI showed a gradual increase with the increase of emergency water, and compared with the W1 treatment, LAI increased by 11.52% and 24.06% in W2 and W3 treatments, respectively. When the amount of emergence water was the same, the LAI of high frequency treatment (D2) was significantly more extensive than that of low frequency treatment (D1), and the LAI of D2 treatment increased by 13.84% compared with that of D1. In 2021-2022, the leaf area index of the CK treatment was not significantly different from that of the W3D2 treatment and was considerably more extensive than that of the remaining “DSWE” treatments.




3.2 Relative chlorophyll values for cotton

The SPAD of each treatment tended to increase and decrease with the advancing growing period, reaching a maximum at the bell stage (Figures 5A, B). Both emergence water and drip frequency and their interactions(D×W) significantly affected SPAD in both years(p<0.05)(Figures 5C, D). When drip frequency was held constant, the performance of emergence water treatments in 2021-2022 followed the pattern W1< W2< W3, respectively. Similarly, when emergence water was consistent, SPAD values were significantly higher in high-frequency treatments compared to low-frequency treatments, with the sizes showing D1< D2 in 2021-2022 and no significant differences in SPAD values of W3D2 treatments compared with CK treatments. In comparison to the CK treatment, reductions in SPAD values were observed for the W1D1, W2D1, W3D1, W1D2, W2D2, and W3D2 treatments in 2021 by 14.78%, 11.26%, 5.20%, 4.43%, 2.79%, and 1.28%, respectively. Similarly, in 2022, the W1D1, W2D1, W3D1, W1D2, W2D2, and W3D2 treatments showed decreases of 15.09%, 10.32%, 4.09%, 2.51%, 1.38%, and 1.89%, respectively.

[image: Four charts depict SPAD values across different growth periods and treatments.   Charts A and B show SPAD values (45–75) for growth periods: FS, FBS, FFS, PBS, and SS, using color-coded treatments CK, W3D2, W2D2, W1D2, W3D1, W2D1, and W1D1.  Charts C and D display SPAD values (0–350), using stacked bars for treatment groups W1D1 to CK, with significance levels (D, W, D×W) indicated.  Error bars and significance letters are included.]
Figure 5 | SPAD growth period changes in cotton leaves, 2021-2022. (A, B) Show the characteristics of SPAD dynamics during the cotton growing season in 2021 and 2022, respectively, and (C, D) show the analysis of variance of SPAD histograms during the cotton growing season in 2021 and 2022, respectively. Different lowercase letters indicate significant differences between treatments (p<0.05); D: drip frequency, W: emergence water, *: p <0.05, **: p<0.01.




3.3 Cotton leaf photosynthesis



3.3.1 Daily changes in leaf photosynthesis during bloom

The daily changes in net photosynthetic rate (Pn), transpiration rate (Tr), and stomatal conductance (Gs) across different water control treatments exhibited a consistent pattern characterized by a double-peak curve (Figure 6). Conversely, the fluctuations in carbon dioxide concentration (Ci) followed a single-peak curve, decreasing initially before rising again. In each “DSWE” treatment, the peaks for Pn, Tr, and Gs occurred around 12:00 and 16:00. In contrast, Ci peaked around 14:00. Between 12:00 and 14:00, as sunlight intensified with rising temperatures, water transpiration in cotton leaves decreased, leading to automatic closure of stomata and a gradual reduction in Gs, accompanied by weakened leaf cell respiration and a decrease in Ci. Light intensity reached a maximum at 14:00, and Pn showed some reduction. From 14:00 to 16:00, as sunlight waned and temperatures decreased, stomata in the treatment leaves gradually reopened, resulting in a slight rebound in stomatal conductance and a gradual increase in Ci values, eventually reaching their peak. Overall, it is observable that the photosynthesis indices within one day for each “DSWE” low frequency treatment (D1) were significantly lower than those of the CK treatment. Among the high frequency treatments, there was no significant difference in the photosynthesis indices of Pn, Tr, and Gs between the W3D2 and CK treatments. In contrast, the Gs photosynthesis index was significantly larger.

[image: Eight line graphs depict various physiological responses over time, measured from 10:00 to 20:00 hours. Graphs are labeled A to H, representing different metrics like Pn, Tr, Gs, Cl. Lines, distinguished by colors and symbols (black squares, red circles, blue triangles, green inverted triangles), represent different groups: W1D1, W2D1, W3D1, and CK. Trends vary, with peaks generally around 12:00, indicating changes over time for each group and metric. Error bars show variability. Each graph examines data unique to the specified metric and group.]
Figure 6 | Diurnal variation of photosynthetic indices. (A, C, E, G) respectively show the daily changes of Ci, Gs, Tr, and Pn under the low frequency treatment (D1) of “DWSE.” (B, D, F, H) respectively show the daily changes of Ci, Gs, Tr, Pn under high frequency treatment (D2) of “DWSE”.




3.3.2 Changes in leaf photosynthesis during cotton growing period

In both years, the effects of drip frequency and emergence water on cotton leaf Ci and Gs were highly significant (p<0.01) (Figures 7A–D). The drip frequency and emergence water interaction significantly affected Ci (p<0.05) but not Gs. With the increase of emergence water, the Ci and Gs values of cotton leaves showed a gradually increasing trend, which was W1<W2<W3 in 2021-2022. Ci and Gs were significantly more significant in the high-frequency treatment with the same emergence water, increasing by 10.03% and 6.67%, respectively, compared with the low frequency treatment. Significantly more minor differences in Ci and Gs were observed in the W3D2 treatment compared to the CK treatment, with Ci decreasing by 4.53% and Gs increasing by 0.13% over the two years.

[image: Box plots showing various biochemical parameters across different treatments for the years 2021 and 2022. Each subplot (A-H) represents different metrics, labeled as Ci, Gs, Pn, and Tr, with significant differences denoted by letters. The treatments W1D1, W2D1, W3D1, W1D2, W2D2, W3D2, and CK are color-coded. Statistical significance is indicated by asterisks (D, W, D×W) with levels ** for highly significant, * for significant, and ns for not significant.]
Figure 7 | Effect of emergence water and drip frequency on photosynthesis indexes of cotton during growing period in 2021 and 2022. (A, C, E, G) the significance analyses of Ci, Gs, Pn, Tr in 2021 and (B, D, F, H) show Ci, Gs, Pn, Tr in 2022, respectively. *p<0.05, **p<0.01, ns: p>0.05. Different lowercase letters indicate significant differences between treatments (p<0.05).

In both years, drip frequency and emergence water significantly (p<0.05) affected cotton leaf Pn and Tr, and the interaction of both drip frequency and emergence water significantly (p<0.05) affected Pn, but not Tr (Figures 7E–H). With increased water emergence, cotton leaf Pn and Tr values gradually rose. Compared to W1, W2 and W3 leaf Pn increased by 17.87% and 25.90%, respectively, and W2 and W3 leaf Tr increased by 9.39% and 13.02%, respectively. When the emergence water remained constant, Pn and Tr values of high-frequency treatments significantly exceeded those of low frequency treatments; Pn and Tr increased by 12.22% and 7.60%, respectively, in two years. There was no significant difference in Pn and Tr in the W3D2 treatment compared to the CK treatment, which increased by 1.68% and 0.12%, respectively, over the two years. As a whole, there was no significant difference in photosynthesis indexes of W3D2 treatment during the growth period under the dry sowing and wet extraction water irrigation mode compared with CK winter irrigation, indicating that the appropriate dry sowing and wet extraction irrigation mode could improve the photosynthesis indexes of crop growth period and ensure the formation of crop yield and quality.





3.4 Physiological indicators of the cotton population

During the two years, the population physiological indexes of each treatment tended to increase and decrease as the cotton growth period progressed, and the population physiological indexes peaked at 108 days after sowing (FFS) (Figure 8). When the drip frequency is the same, the differences between the different emergence water treatments are minor in the seedling and bud stages. Then the differences are gradually significant in the boll stage (108d after sowing), and then the differences decrease in the flocculating stage (170d after sowing); when the emergence water is the same, the high frequency treatment (D2) maintains a more significant level throughout the growth cycle.

[image: Four line graphs labeled A, B, C, and D compare Leaf Area Duration (LAD) and Net Assimilation Rate (NAR) over days after sowing for years 2021 and 2022. Each graph shows multiple curves representing different water and drought treatments (W1D1, W2D1, W3D1, W1D2, W2D2, W3D2, CK). Stages SS, PBS, FFS, FBS, and FS are marked. Both years show peaks at FFS, with CK generally having the highest values.]
Figure 8 | Changes of physiological indexes of cotton population in 2021-2022. (A, B) Shows the LAD growth period changes in 2021 and 2022, respectively, and (C, D) shows the NAR growth period changes in 2021 and 2022, respectively. SS, PBS, FFS, FBS, and FS denote the seedling, present bud, full flowering, full bolling, and flocculation stages of cotton, respectively.

Seedling emergence water, drip frequency, and the interaction between the two (D×W) had highly significant (p<0.01) effects on LAD and NAR (Figure 9). At the same drip frequency, NAR and LAD roughly showed a gradual increase with increasing emergence water, and compared with W1, LAD increased by 26.01% and 93.94% in W2 and W3 treatments, respectively, and NAR increased by 27.51% and 68.58% in W2 and W3 treatments, respectively. At the same amount of emergency water, LAD and NAR were significantly more significant in the high-frequency therapies than in the low frequency treatments. They increased by 38.68% and 34.52% in the D2 treatment LAD and NAR, respectively, compared with D1. Compared with CK treatment, W3D2 treatment LAD and NAR were significantly less different; LAD and NAR increased by 3.49% and 19.06%, respectively.

[image: Four bar charts labeled A, B, C, and D illustrate LAD and NAR values for different treatments across 2021 and 2022. Charts A and B have orange gradient bars, while C and D have blue gradient bars. Each chart includes significance indicators: "D **", "W **", "D×W **". Error bars are present above each bar, and different letters indicate statistical differences between treatments. LAD is measured in 10,000 cubic meters per hectare per day, while NAR is in grams per square meter per day.]
Figure 9 | Effect of drip frequency and emergence water volume on physiological indicators of cotton population, 2021-2022. (A, B) Show the significance analysis of LAD in 2021 and 2022, respectively, and (C, D) show the significance analysis of NAR in 2021 and 2022, respectively. Different lowercase letters indicate significant differences between treatments (p<0.05); D: drip frequency, W: emergence water, *: p <0.05, **: p<0.01.




3.5 Cotton yield and fiber quality indicators



3.5.1 Cotton yield and harvest indices

Drip frequency and emergence water significantly influenced seed cotton and lint yield (p< 0.01). However, drip frequency and emergence water did not exhibit a significant impact on the HI (p > 0.05) (Table 3). When drip frequency was constant, increasing emergence water gradually increased lint and seed cotton yields. Similarly, when the emergence of water remained constant, high-frequency treatments resulted in significantly higher yields than low frequency treatments. Specifically, in 2021 and 2022, high-frequency treatments led to an increase of 15.89% and 13.64% in lint yield and 23.60% and 18.17% in seed cotton yield compared to low-frequency treatments. Among the “DSWE” water management treatments, the W3D2 treatments with high frequency and sizeable seedling emergence volume exhibited the highest yields. Compared to the CK treatment, in 2021, lint and seed cotton yields decreased by 4.33% and 3.84%, respectively, while in 2022, lint yield increased by 0.43%, and seed cotton yield decreased by 2.18%. Irrigation water usage was reduced by 31.45% and 45.47% in 2021 and 2022, respectively. With the increasing emergence of water, the number of bolls per plant and boll weight gradually increased. Furthermore, high-frequency treatments demonstrated significantly higher values than low-frequency treatments. In 2021, there were no significant differences in the harvest index, while in 2022, high-frequency treatments exhibited slightly higher harvest index values than low-frequency treatments.

Table 3 | Cotton production indicators for 2021-2022.


[image: Table displaying yield indicators for various treatments over the years 2021 and 2022. Columns include irrigation quota, bells, bell weight, dry matter accumulation, lint production, seed cotton production, and harvest index. Different lowercase letters indicate significant differences between treatments, with statistical significance marked by symbols: *, **, and ns.]



3.5.2 Cotton quality and component factors

drip frequency and emergence water significantly affected cotton fiber length, uniformity, textile parameters, and Fiber Quality Index (FQI) (p< 0.05). At the same time, they had no significant impact on fiber strength, elongation, and maturity (p > 0.05) (Table 4). The interaction between drip frequency and emergency water did not significantly affect fiber quality. When drip frequency was held constant, increasing emergence water generally led to a gradual increase in fiber length, uniformity, and textile parameters. Across 2021-2022, the treatments exhibited a pattern where W1D1< W2D1< W3D1, W1D2< W2D2< W3D2. Similarly, when emergence water was held constant, high-frequency treatments showed significantly better fiber quality indicators than low frequency treatments. Specifically, in 2021, cotton fiber length, uniformity, and textile parameters increased by 2.18%, 2.89%, and 4.83%, respectively, while in 2022, they increased by 3.48%, 1.95%, and 10%, respectively, in high-frequency treatments compared to low-frequency treatments. The FQI in the W3D2 treatments was significantly higher than in the other “DSWE” treatments and did not differ considerably from the CK treatment. Compared to the CK treatment, the FQI decreased by 7.71% in 2021 and 14.3% in 2022 in the W3D2 treatments.

Table 4 | Cotton quality indicators in 2021-2022.


[image: Table presenting cotton quality indicators for 2021 and 2022, with columns for treatment, fiber strength, fiber length, uniformity, elongation rate, maturity, textile parameters, and Fiber Quality Index (FQI). The table notes significant differences marked by different lowercase letters and symbols indicating statistical significance (p<0.05). Treatment types include W1D1, W2D1, W3D1, and others with corresponding measurements.]



3.5.3 Principal component analysis of cotton yield and quality components

Principal Component Analysis (PCA) was conducted on the five yields and seven quality indicators of each “DSWE” water control treatment and the winter irrigation control treatment. The combined loadings plot and scores plot are depicted in Figure 10. Analysis of the yield composition from 2021 to 2022 (Figures 10A, B) revealed that the first two principal components had relatively large eigenvalues and cumulative variance contribution rates, with eigenvalues greater than 1, indicating a comprehensive reflection of all sample information. In 2021, Principal Component 1 and Principal Component 2 contained 75.4% and 19.7% of the original information, respectively, while in 2022, they contained 77.8% and 19.5% of the original information, respectively. Analyzing the angle between the loading directions and the projection distance of each yield indicator in Figures 10A, B for 2021-2022 uncovered positive correlations among all yield indicators. Notably, boll weight significantly influenced lint and seed cotton yields. Examination of the treatment scores in Figures 10A, B revealed a high similarity in yield indicators between the W3D2 and CK groups, while the remaining water control treatments showed low similarity. Furthermore, the projection magnitude along the PC1 yield principal component direction in Figures 10A, B demonstrated that the variance of the projection of the winter irrigation control treatment (CK) and the high-frequency, high-emergence water volume combination (W3D2) along the PC1 yield principal component direction was significantly greater than that of the other “DSWE” treatments. This indicates that CK and W3D2 carry considerably more information in each yield indicator, leading to higher comprehensive evaluation indicators obtained from PCA dimensionality reduction analysis.

[image: Four PCA biplots labeled A to D show relationships between agricultural traits and textile parameters among different treatments. Symbols indicate treatment groups: stars, squares, triangles, and circles. Vectors point to traits like lint production, bell weight, and maturity, with variance percentages for PC1 and PC2 axes in each plot.]
Figure 10 | Principal component analysis map of cotton yield and quality from 2021 to 2022. (A, B) Show the principal component analysis of yield indicators in 2021-2022, (C, D) show the principal component analysis of quality indicators in 2021 and 2022.

In Figure, axes 1 and 2 respectively accounted for 55.3% and 22.4% of the total variance in cotton quality composition for 2021, while in Figure 10D, axes 1 and 2 respectively accounted for 56.6% and 18.4% of the total variance in cotton quality composition for 2021. Examination of the angular direction and projection distance of each quality indicator in the figures revealed a significant negative correlation between the elongation rate and the Fiber Quality Index (FQI) and significant negative correlations between other indicators and FQI. Notably, fiber length and uniformity exerted a more substantial influence on FQI. Analysis of the scores for each treatment in Figures 10C, D indicated that the CK treatment showed relatively low similarity with the quality indicators of each “DSWE” treatment. In contrast, the similarity among quality indicators of the “DSWE” treatments was notably higher. Furthermore, examination of the projection magnitude along the PC1 direction for each quality indicator in Figures 10C, D demonstrated that the variance of the projection of the CK treatment along the PC1 quality principal component direction was significantly greater than that of each “DSWE” treatment. Among high-frequency therapies, there was relatively minor variability in projection variance. These findings suggest that the winter irrigation control treatment carries significantly more information in each quality indicator, leading to higher comprehensive evaluation indicators obtained from PCA dimensionality reduction analysis.




3.5.4 Correlation analysis of cotton yield and quality with physiological parameters

To assess the correlation between physiological indices under “DSWE” water control and cotton yield and quality, an interactive circular heatmap and correlation matrix (Figure 11) were generated. The heatmap demonstrates that the 12 variables are roughly organized into three primary clusters: Yield and quality constitute one cluster with notably higher heat values; LAI, Tr, and Pn form another cluster with the lowest heat values; and Gs, Ci, SPAD, and NAR roughly constitute a cluster with heat values in the middle range. Correlation analysis indicates that Ci, Pn, Gs, SPAD, and NAR are closely associated with Yield, with NAR displaying the highest correlation coefficient (0.65). Quality is closely linked to Ci and SPAD, with SPAD exhibiting a notably higher correlation coefficient with quality indicators (0.54). Overall, it is apparent that photosynthetic indices and population physiological indices collectively contribute to determining the magnitude of cotton yield and quality indicators.

[image: Panel A shows a circular dendrogram with variables like SPAD, NAR, LAD, and Yield, using a blue to red color gradient indicating data values. Panel B is a correlation matrix with variables such as Yield, Quality, and Pn, represented with red ellipses and numerical correlation coefficients, alongside a color scale from -1.0 (blue) to 1.0 (red).]
Figure 11 | Cotton physiological indicators interaction ring heat map and correlation matrix, (A) is the heat map of cotton physiological indicators, the color close to blue indicates that the heat value of the indicator is higher, and the color close to red indicates that the heat value of the indicator is lower; (B) is the correlation matrix of cotton physiological indicators, the darker the color shows that the correlation between the indicators is higher, the red color indicates that the indicators are positively correlated with each other, the blue color indicates that the indicators are negatively correlated with each other, and the * indicates that the indicators are significantly associated with each other (p< 0.05).






4 Discussion



4.1 Cotton photosynthetic characteristics

Photosynthesis is the fundamental driving force for plant growth and constitutes the basis for biomass accumulation and yield formation (Evans, 2013). A higher canopy photosynthetic rate provides a solid material foundation for plant growth and development (Terashima and Hikosaka, 1995). This study found that within the appropriate range of “DSWE” water control, treatments with higher post-emergence watering levels promote cotton photosynthetic indices. With the same developmental stage factor, cotton leaf Pn and Tr values generally showed an increasing trend with increasing emergence water. Compared to W1, W2 and W3 leaf Pn increased by 17.87 and 25.90%, respectively, and W2 and W3 leaf Tr increased by 9.39 and 13.02%, respectively. Zou et al. (2022) found that insufficient irrigation water might be the main reason for the significant decrease in net photosynthetic rate, stomatal conductance, and transpiration rate of cotton leaves. Chastain et al. (2014) study confirmed this, showing that compared with the high-water treatment, the low-water treatment significantly inhibited photosynthesis, with markedly lower net photosynthetic rate, transpiration rate, and stomatal conductance indices. However, Wang et al. (2019b) argued that the primary reason might be the synergistic effect of stomatal and non-stomatal variables leading to a decline in cotton leaf photosynthetic rate, with mild water stress having a minor impact on photosynthesis. It has also been shown that stomata close during mild to moderate water stress, leading to a decrease in intercellular CO2 concentration, resulting in a reduced photosynthetic rate. Prolonged water stress can damage photosynthetic organs, thereby reducing the net photosynthetic rate of plants (Zahid et al., 2021).

This study found that the photosynthetic characteristics of cotton under “DSWE” high-frequency treatments were significantly higher than those under low-frequency treatments. Ci and Gs were substantially larger in the high-frequency therapy with the same emergence water, increasing by 10.03% and 6.67%, respectively, compared with the low-frequency treatment. This is consistent with the findings of Liang et al. (2021), which related to photosynthetic characteristics research. Low-frequency treatments decreased net photosynthetic rate due to non-stomatal limiting factors, resulting in significantly lower maximum photochemical efficiency, photochemical quenching coefficient, and photochemical quantum yield compared to high-frequency treatments. The variation in soil water content during the growth period may contribute to the size of photosynthetic indices (Loka et al., 2011). Water significantly affects crop growth and development at each stage. Throughout the cotton growth process, especially during the blooming and boll formation stages, cotton plants exhibit vigorous growth and reproductive development, resulting in a significant increase in water demand (Sahito et al., 2015). All water is applied at once with low frequency treatments, resulting in water stress as the growth period progresses. Water stress leads to a decrease in stomatal conductance, increased respiration, obstruction of photosynthetic product transport, and reduced photosynthetic function period, thereby impairing the plant’s ability to maintain efficient photosynthetic production capacity throughout the entire growth period (Chen et al., 2022; Wu et al., 2023). Insufficient water may affect the cotton net photosynthetic rate, stomatal conductance, and other photosynthetic indices. Only appropriate “DSWE” post-emergence watering amounts and drip frequency (W3D2) can facilitate cotton leaf photosynthesis, providing a solid foundation for cotton growth and development.




4.2 Cotton leaf area index and population physiological indexes

The leaf area index is one of the most important parameters determining the accurate calculation of the rate of canopy photosynthesis and is an essential indicator of the quality of the crop population (Pauli et al., 2017; Bunce, 1989). Relevant studies have found minimal variation in LAI among different water control treatments during the seedling period. As the growth period progresses, the LAI of each treatment gradually increases, reaching its maximum value during the blooming and boll formation stages, and the differences among treatments also become increasingly significant (Li et al., 2020; Cetin et al., 2023), which is consistent with the LAI-related research in this experiment. Through variance analysis, this study found that within the appropriate range of “DSWE” water control, the LAI of cotton significantly increases with the increase in the emergence of water, and high-frequency water control can effectively enhance the LAI of cotton. LAI increased by 11.52% and 24.06% in W2 and W3 treatments, respectively. When the amount of emergence water was the same, the LAI of high frequency treatment (D2) was significantly more extensive than that of low frequency treatment (D1), and the LAI of D2 treatment increased by 13.84% compared with that of D1. Some scholars have found that increasing irrigation quotas and frequencies can promote the nutritional growth of cotton and enhance the LAI during the budding and blooming stages (Kalaydjieva et al., 2015). Therefore, besides irrigation water quantity and drip frequency, factors such as planting density and mulching methods may also need to be considered when assessing the LAI of cotton.

Zhao et al. (2016) have shown that the physiological indicators of the cotton population are significantly higher with larger irrigation quotas, which are more conducive to cotton dry matter accumulation and ultimately increasing yields. Consistent with these findings, our experiment observed that the physiological indicators of the cotton population gradually increased with the increase in post-emergence watering. Among different drip frequency treatments, those with higher frequencies exhibited more considerable physiological indicators. Compared with W1, LAD increased by 26.01% and 93.94% in W2 and W3 treatments, respectively, and NAR increased by 27.51% and 68.58% in W2 and W3 treatments, respectively. Increased by 38.68% and 34.52% in the D2 treatment LAD and NAR, respectively, compared with D1. The differences observed in physiological indicators among treatments in our experiment may be related to cotton emergence rate and leaf area index. The emergence rate was lower in treatments with higher irrigation quotas, affecting the cotton population structure. However, the cotton canopy received richer natural resources, such as better ventilation and light in these treatments, promoting early photosynthesis and dry matter production (Feng et al., 2013). In contrast, differences in emergence rates among treatments with different drip frequencies were relatively small, making the soil moisture environment in the main root zone a determining factor for cotton population physiological indicators (Ballester et al., 2021).




4.3 Cotton yield and quality indexes

In this study, the yield of cotton seed cotton lint increased gradually with the increase of seedling emergence water, and the yield of high frequency treatment was significantly larger. Compared with low frequency treatment (D1), the yield of high frequency treatment (D2) lint and seed cotton increased by 15.89%, 13.64%, 23.60%, and 18.17%, respectively, in 2021 and 2022. This is consistent with the findings of Ballester et al. (2021) and Hill et al. (2024) regarding the effect of different irrigation frequencies on cotton yield. Cotton boll number and yield varied under different water stress conditions. Mild water stress during the entire growth period had a minimal impact on cotton yield, while continuous water stress significantly reduced the number of bolls per plant. Boll formation concentrated on cotton plants’ lower and middle fruiting branches, resulting in fewer bolls on the upper branches, leading to decreased cotton yield (Cheng et al., 2021; He et al., 2022). Consistent with these findings, our experiment suggests that the reduction in post-emergence watering may concentrate the main nutrient and reproductive growth of cotton plants on the lower and middle parts, where the root system and lower fruiting branches and leaves grow vigorously. Conversely, the upper fruiting branches and leaves receive less water irrigation, affecting the net photosynthetic intensity and leading to a decrease in non-structural carbohydrate content, exacerbating the shedding of cotton bolls and consequently reducing yield.

The results showed that drip frequency and emergence water had significant effects on cotton fiber length, evenness, textile parameters, and FQI but had no significant effects on fiber strength, elongation, and maturity. As post-emergence watering and drip frequency increased, the average length of the upper half of the fiber, fiber uniformity, textile parameters, and Fiber Quality Index (FQI) all increased to varying degrees. The differences in fiber strength, elongation, and maturity among the various “DSWE” water control treatments were relatively small. However, findings by Dai et al. (2022) and Gao et al. (2021) differed; they found that reduced water irrigation could increase cotton fiber uniformity and elongation, thus improving cotton quality. Studies by Thorp et al. (2020) found that the decrease in irrigation volume had an increasing impact on the average length of the upper half of cotton fibers. This was mainly manifested as the aggravation of water stress with decreasing irrigation volume, leading to a significant decrease in cotton fiber quality. Furthermore, it was shown that water stress at any stage resulted in reduced fiber uniformity in cotton. Therefore, cotton quality can be influenced by different irrigation methods, cultivation practices, growing environments, and cotton varieties.





5 Conclusion

Compared with traditional winter and spring irrigation, “DSWE” irrigation technology can greatly reduce the water consumption of agricultural irrigation under the condition of guaranteeing crop yield and quality, which is crucial for the sustainable development of agriculture in arid areas. The results of the study showed that, under the “DSWE” irrigation mode, high frequency treatment could significantly improve crop physiological indexes, compared with low frequency treatment (D1), high frequency treatment (D2) of cotton Ci, Gs increased by 10.03% and 6.67%, respectively, with the increase in the amount of emergence of cotton population physiological indexes increased significantly, compared with the W1, the W3 treatment of the LAD and NAR increased by 93.94% and 68.58%, respectively. Compared with CK, there was no significant difference in yield and quality indicators in W3D2 treatment, and lint and seed cotton yields decreased by 1.95% and 3.01% on average in two years. Still, irrigation water use decreased by 38.46% in the growing season. After PCA dimensionality reduction analysis, CK and W3D2 treatments carried significantly more information in each yield index, and the comprehensive evaluation indexes were substantially higher, but in the analysis of quality indexes, CK treatment was significantly larger than each “DSWE” treatment. Therefore, the W3D2 “DSWE” irrigation scheme was recommended as a sustainable production strategy for cotton fields in the arid region of Xinjiang, China, to improve water use efficiency and reduce agricultural irrigation water use. However, the “DSWE” irrigation management is adaptive and highly influenced by site-specific changes in the climatic environment, which should be considered in further research.
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The aim of this study was to examine the effect of long-term aerated seepage irrigation technology on soil fertility changes and maize yield under continuous maize cropping system in red loam soil, and to explain the mechanism of maize yield increase under this technology, which can provide theoretical basis for crop quality improvement and yield increase under aerated irrigation (AI) technology. Therefore, this research was conducted for four field seasons in 2020–2023 at the National Soil Quality Observation Experimental Station, Zhanjiang, China. Soil aeration, soil fertility, root growth, physiological traits, and yield indicators were evaluated by conventional underground drip irrigation (CK) and AI. Our results showed that AI treatment significantly improved soil aeration and soil fertility. Increases in soil oxygen content, soil respiration rate, soil bacterial biomass, and soil urease activity were observed, corresponding to increases from 3.08% to 21.34%, 1.90% to 24.71%, 26.37% to 0.09%, and 12.35% to 100.96%, respectively. The effect of AI on maize indicators increased year by year. Based on improvements in soil aeration and fertility, root length, root surface area, and root dry weight under AI treatment were enhanced by 15.56% to 53.79%, 30.13% to 62.31%, and 19.23% to 35.64% (p < 0.05) compared to the CK group. In addition, maize agronomic traits and physiological characteristics showed improved performance; in particular, over 1.16% to 14.42% increases were identified in maize yield by AI treatment. Further analysis using a structural equation model (SEM) demonstrated that the AI technology significantly promotes the improvement of root indicators by enhancing soil aeration and soil fertility. As a result, maize yield could be increased significantly and indirectly




Keywords: aerated irrigation, dryland maize, soil environment, structural equation model, mechanisms of yield increase




1 Introduction

Water, fertilizer, air, and heat in the soil are the four major factors that safeguard soil fertility (Yu et al., 2022b), and prolonged flooding or over-irrigation conditions are prone to low-oxygen stress in the root zone of crops (Shahzad et al., 2019; Wei et al., 2021). In recent years, with the rapid development of facility agriculture, anthropogenic factors such as over-irrigation, crushing by agricultural machinery, over-fertilization, and less mid-tillage may all lead to soil compacting (Xiao R. et al., 2023), reducing soil porosity, soil aeration, and fertility, resulting in weakened soil microbial activity, impeded root respiration (Duan. et al., 2024; Li et al., 2024; Mondal et al., 2024), and reduced water and fertilizer uptake, and, in severe cases, leading to the development of physiological diseases of the root system, such as root rot (Xiao Z. et al., 2023), further weakening the absorption function of the root system, reducing the growth rate and yield of crops, and affecting the overall health of crops and the quality of agricultural products (Ouyang and Tian, 2023; Wei et al., 2021; Zhang et al., 2023). Especially in southern red loam soils, where the soil texture is more clayey and poorly drained and prone to waterlogging, the problem of low oxygen stress in the root zone is more prominent. Therefore, optimizing soil moisture management and irrigation strategies to improve soil oxygen supply is important for improving soil oxygen supply, crop root health, and growth in southern red loam soils.

In 1949, Melsted (Melsted et al., 1949) first began experimental research on soil aeration and oxygenation in the crop root zone, and in recent years, it has gradually developed into diversified aeration and percolation irrigation technology models (mechanical aeration irrigation, chemical aeration irrigation, and Venturi air jet irrigator irrigation), and experimental studies have been carried out for different geographic regions, different crops, and different soil types. The results of a large number of studies have shown that aerated infiltration technology enhances soil respiration by improving soil aeration, increasing soil oxygen content (Yu, 2020; Yu et al., 2022a; Li R. et al., 2023; DeBoer et al., 2024), and enhancing soil respiration (Pang et al., 2023), and has a positive impact on a wide range of greenhouse tomatoes (Wei et al., 2021; Xiao Z. et al., 2023; Li et al., 2024), cucumbers (Ouyang and Tian, 2023; Zhang et al., 2023), maize (Melsted et al., 1949; Yu, 2020; Yu et al., 2022a; Li R. et al., 2023), melons (Pang et al., 2023; DeBoer et al., 2024), watermelons (Ouyang, 2018), grapes (Zhao et al., 2017), and chili peppers (Lei et al., 2023a), among other crops under cultivation that have positively influenced yield and quality. Abuarab et al. conducted field trials on greenhouse tomato, potato, maize, melon, and cotton through mechanically aerated irrigation (AI), and the results showed that aerated compared to unaerated treatments significantly enhanced soil respiration rate and soil oxygen content at different fertility stages, and demonstrated that AI mainly improves soil respiration rate by increasing the soil oxygen content in the root zone and thereby increasing the soil respiration rate (Abuarab et al., 2013; Zhou et al., 2023; Zhuang et al., 2024). Lei et al. showed that the root zone aeration after irrigation soil oxygen diffusion rate and redox potential increased significantly, and sufficient oxygen for the normal metabolism of aerobic microorganisms and energy production provides a good living environment, enhances the number of soil bacteria and fungi, improves soil enzyme activity, and promotes microbial respiration to complete the decomposition of the substrate and synthesis of cellular material and biochemical reaction rate, while avoiding the anaerobic environment. The accumulation of harmful metabolites (e.g., lactic acid and ethanol) commonly found in anaerobic environments (Zhu, 2020; Lei et al., 2023b; Lian, 2023; Zhang et al., 2024; Zhuang et al., 2024) realizes soil nutrient cycling and transformation and promotes the growth and development of the root system, which can improve the morphology of the root system, enhance the root system vitality, and promote the efficiency of the crop root system in absorbing water and nutrients. The study of Bhattarai and other studies involving experiments on potted vegetables, field maize, soybean, and pumpkin cultivation, crops under AI treatments, showed accelerated growth, increased leaf thickness, elevated chlorophyll content, and improved photosynthetic efficiency, which ultimately manifested in increased yields and improved quality (Bhattarai et al., 2008; Palada et al., 2010; Silwal et al., 2020; Yu et al., 2022a; Yu, 2023; Xu et al., 2024).

Although a large number of studies have proved the effect of aerated infiltration technology in improving the soil environment and crop yield and quality, owing to the superimposed effect between soil and crop indicators under aerated infiltration technology, for example, the improvement of soil oxygen content not only directly promotes root respiration, but also indirectly affects nutrient decomposition and uptake through the improvement of soil microbial activity, and this complex interaction makes it difficult to accurately quantify the independent contribution of each factor to yield and quality in existing studies. The key factors and pathways used by aerated percolation technology to drive crop yield and quality improvement on the basis of improving the soil environment still need to be thoroughly explored and researched.

Based on this, our study at the National Soil Quality Zhanjiang Observation and Experimental Station utilized a 4-year aeration irrigation positioning experiment to analyze the effects of long-term aeration irrigation technology on soil environmental changes and maize yield during the seedling stage (VE), jointing stage (V6), tasseling stage (VT), grain filling stage (R2), and maturity stage (R5). By constructing a soil-crop growth structural equation model under the aeration irrigation mode and using path analysis, we aimed to elucidate the mechanisms and regulatory pathways of crop yield improvement under aeration irrigation technology. The results of the study provide theoretical basis and practical reference in supplementing and perfecting the mechanism of crop yield increase under aeration irrigation technology, promoting and applying the technology, and at the same time, it can provide reference for adjusting the implementation scheme of aeration irrigation in the experimental background of different regions, and realizing the application and promotion of the technology in different regions.




2 Materials and methods



2.1 Experimental site

The experiment was conducted at the National Soil Quality Zhanjiang Observation Experiment Station of the Chinese Academy of Tropical Agricultural Sciences in Zhanjiang, Guangdong, China (E109°31′, N21°35′). The experiment was conducted in plots with a burial depth of 20 cm, a diameter of 16 mm, a flow rate of 2.5 L/h, and a drip head spacing of 20 cm in 2019. The experimental period was from September 2020 to January 2024. The experimental site has a typical subtropical monsoon climate, with an annual sunshine time of 1900–2100 h, an annual frost-free period of more than 350 days, and an annual average temperature of 23.5°C. Rainfall, air temperature, and other environmental factors during the experimental period were automatically obtained and recorded by micro weather stations in the experiment site (Figure 1).

[image: Four line graphs depict temperature and precipitation trends from September to December for the years 2020 to 2023. Each graph shows minimum, average, and maximum temperatures in degrees Celsius alongside precipitation in millimeters. Temperature trends are represented with lines, and precipitation is displayed as vertical bars.]
Figure 1 | Variation curves of mean air temperature and rainfall during the test period from 2020 to 2023.




2.2 Experimental design and methods

The maize variety planted in the experimental area was “Huiyu Sweet No. 3”, with a fertility period of 120–150 days. The maize was planted in fall and winter every year and was planted at the beginning of September and harvested at the end of December or the beginning of January. The maize planting parameters are as shown in Figure 2, with a planting pattern of two tubes and four rows and a planting density of 14,400 plants/ha. A Roots fan (HRE65WA, pressure set at 0.7 MPa) was connected to the dry pipe and aerated after irrigation or rainfall. The experiment was conducted with two treatments: conventional underground drip irrigation (CK) and aeration irrigation (AI). Each treatment had three experimental plots with each plot measuring 12.5 m² (5 m × 2.5 m). Fertilization measurements were consistent across different treatments. There were three experimental plots for each treatment, and each plot was 12.5 m² (5 m × 2.5 m) in size. Each experimental unit was surrounded by one protection row. The same field management practices were applied to each treatment with a basal fertilizer of 36 kg/hm2 of nitrogen before sowing; 75 kg/hm2 of P2O5 and 37.5 kg/hm2 of K2O were applied before sowing. Phosphorus and potash fertilizers were applied in the same rate during the growth period. Standard pests and weed control were performed according to maize growing guidance. During the maize growth cycle, measurements were taken approximately every 10 days, with delays if heavy rainfall occurred. For each test, the average values of maize at different growth stages were statistically analyzed, including the seedling stage (VE), jointing stage (V6), tasseling stage (VT), grain filling stage (R2), and maturity stage (R5).

[image: Illustration depicting a drip irrigation system. Part (a) shows a top view with blue dots representing drippers spaced 35 centimeters apart in a grid pattern, irrigating corn plants. Part (b) is a side view showing corn plants with a drip irrigation pipe beneath, pinholes spaced 60 centimeters apart.]
Figure 2 | Vertical view (A) and front view (B) of aerated irrigation maize planting patterns.

The irrigation amount for the experiment was determined using the crop-pan coefficient method. The evaporation amount measured by the standard E601 evaporation pan was used to control the irrigation amount. The irrigation time was 08:00–12:00 or 16:00–18:00, and the period was 3–4 days. The amount of water was based on the evaporation measured at 08:00 in the morning of each day during the irrigation interval. The calculation of the irrigation amount is shown in Equation 1 (Yu, 2020):

[image: The image shows the formula: \(W = A \cdot E_p \cdot K_p\), labeled as equation (1).] 

In the formula, W represents the irrigation amount per treatment per event, in liters (L). A is the area controlled by a single dripper, which is 0.14 m² (0.35 m × 0.4 m), Ep is the evaporation amount measured by the evaporation pan between the time intervals between two irrigation events, in millimeters (mm), and Kp is the crop-pan coefficient. For maize, the Kp values are 0.6 during the VE–V6 stage, 0.8 during the V6–VT stage, 1.0 during the VT–R2 stage, and 0.8 during the R2–R5 stage (Yu, 2020).

Soil aeration was carried out throughout the reproductive cycle of maize, which was aerated at a frequency of 1 in 2 days, and the aeration volume was calculated by Equation 2 as (Melsted et al., 1949), and the escape of gas from the soil was not considered in the experiment.

[image: Formula for volume \( V = \frac{1}{1000SL}(1 - \frac{\rho_b}{\rho_s}) \), labeled as equation (2).] 

In the equation, V represents the amount of aeration per session in liters (L); S is the cross-sectional area of the ridge, 1,500 cm², L is the length of the ridge in meters (m), 550 cm, [image: Lowercase Greek letter rho with a subscript "s" in a serif font.] is the soil bulk density, 1.62 g/cm3, [image: Greek letter rho with a subscript b, often used in scientific or mathematical contexts.]  is the soil density, and the mean value of the density of 0–100 cm soil determined by the ring knife method was 2.67 g/cm3. According to the actual planting area of the plot, the aeration volume is calculated as 324.6 L. Aerating was done once a day between 17:00 and 19:00, and the escape of gas from the soil was not considered in the experiment.




2.3 Measurement indicators and methods



2.3.1 Soil aeration



2.3.1.1 Soil respiration rate

Soil respiration was determined using a Li-6400 portable gas analysis system (Li-Cor Inc, NE, USA) connected to a Li-6400-09 soil respiration chamber (Figure 3). In the experiment, two PVC rings were installed in each replicated plot, and two plants with uniform growth near the center of each row were selected and inserted into the PVC ring (inner diameter of 10.2 cm, height of 5 cm) at 1/2 plant spacing or at the same time at a distance of 5 cm from one of the plants, with an insertion depth of 2 cm. All visible plants and animal life inside the PVC ring should be removed before measurement to ensure that the measurement results reflect the biological activities within the soil system and not the respiration of foreign organisms. The soil respiration rate of each plot was the average of two cycles of the instrument, and each cycle was approximately 4–5 min. The seasonal variation of soil respiration of all treatments was measured between 07:00 and 09:00, and related studies have shown that the soil respiration rate measured at this time can represent the average value of the day (Baldocchi et al., 2018). Measurements were taken every 10 days during the maize growth cycle and were delayed when heavy rainfall occurred.

[image: (a) A buried PVC ring in the soil, used for measuring soil respiration, surrounded by vegetation. (b) A soil respiration meter placed among plants, equipped with cables and adjacent to a yellow case.]
Figure 3 | (A, B) Schematic diagram of soil respiration measurement.




2.3.1.2 Soil oxygen content

Using an oxygen meter (MO-200 Oxygen Meter, USA), oxygen content was measured at 20 cm below the soil surface concurrently with soil respiration rate measurements. The measurements were conducted on the same dates and times as the soil respiration rate measurements. Oxygen sensors were placed inside porous plastic chambers and positioned in the soil.




2.3.1.3 Aerated soil porosity

The soil air-filled porosity was calculated based on measured soil moisture content, as indicated in Equation 3. Soil moisture content was automatically measured by field moisture sensors (Melsted et al., 1949):

[image: Equation three depicts \( P_a = \frac{\rho_s - \rho_b}{\rho_s} - \theta \).] 

In the equation, [image: The text "P subscript a".]  represents soil air-filled porosity, expressed as a percentage (%), [image: Greek letter "rho" with a subscript "s".]  denotes particle density, measured at 2.6 g·cm−3; [image: Lowercase Greek letter rho with subscript b.]  is the soil density, 1.65 g/cm3; [image: Lowercase Greek letter theta.]  represents a soil water content of 0–30 cm, expressed as a percentage (%).





2.3.2 Soil fertility

Almost all physiological metabolic processes in soil are related to soil microorganisms. Bacteria constitute approximately 94% of the soil microbial community, with actinomycetes and fungi comprising the remaining 4% to 5%. Changes in soil enzyme activity reflect variations in soil microbial quantity and diversity, soil organic matter status, soil aeration, temperature, moisture, pH, and other environmental factors (Jin et al., 2024). Therefore, this study selects soil enzyme activity and bacterial biomass as indicators to evaluate soil fertility.



2.3.2.1 Bacterial biomass of soil, BAC

Soil samples were collected using an S-shaped multi-point sampling method from the top 15 cm of soil in the crop growth area. Samples were taken from the plow layer at depths of 0–10 cm, 10–20 cm, and 20–30 cm, respectively. Fresh soil samples were collected after removing impurities such as stones and plant residues and were thoroughly mixed by layers. Five sampling points were selected per experimental plot to collect soil samples. Soil bacterial biomass was quantified using the plate count method (Lian, 2023; Li et al., 2024). The sampling date was consistent with the date of measurement of indicators such as soil respiration.




2.3.2.2 Soil enzyme activities

Soil enzyme activities were evaluated after collection of soil samples. Urease (URE) activity was determined using the phenol-hypochlorite colorimetric method. Catalase (CAT) activity was measured using the KMnO4 titration method. Soil phosphatase (PHO) activity was assessed using the p-nitrophenyl phosphate colorimetric method (Lei et al., 2023b; Zhuang et al., 2024).





2.3.3 Root growth

Root growth was evaluated by the root morphology and root dry weight in different treatments after maize harvest. Using the segmented soil auger method, three maize plants of uniform growth and in close proximity to each other were cut close to the ground, and root samples were collected from different lateral locations and layers of the maize at the base of the maize (point B in Figure 4), at a point 10 cm near the base of the maize on the side of the soakaway zone (point A in Figure 4), and at a point 10 cm far away from the base of the maize on the side of the soakaway zone (point C in Figure 4), and the roots were completely removed from the maize at a depth of 60 cm from the plant. The root system was completely dug out at a depth of 60 cm from the plant after removing stubs and grass roots. The roots were cleaned with a 400-μm sieve, scanned using a Perfection V700 scanner (Epson Inc., China) to obtain the root growth indexes, placed in an oven at 105°C for 15–30 min, and dried completely at 75°C.

[image: Illustration of two maize plants with visible roots depicted in soil. Three red arrows labeled A, B, and C point downwards. Red dashed lines measure 10 centimeters apart beneath the plants, indicating distance or depth.]
Figure 4 | Schematic diagram of maize root collection structure under aerated percolation irrigation planting mode. Points A, B, and C indicate the location of the maize root sample collection site.




2.3.4 Growth physiology characteristics



2.3.4.1 Plant height

The height of maize seedlings was measured using a ruler in millimeters. The stem height was measured from the bottom of the seedling to the highest growing node.




2.3.4.2 Stem thickness

Stem diameter of maize plants was measured at 5 cm below the soil surface using a digital caliper (SATA Tools Co., Ltd, Shanghai, China).




2.3.4.3 Photosynthetic properties

Photosynthetic parameters of maize were measured using a CIRAS-3 apparatus. Sampling was conducted at 10:00 a.m. Three to five matured and well-expanded leaves from the top of the maize plant were selected for measurements. In this process, we tried to avoid the damages for major veins, leaf edges, and diseased areas to minimize errors Measurements included chlorophyll content (Chl), net photosynthetic rate (Pn), and transpiration rate (Tr).





2.3.5 Maize yield

Yield was measured using the “area method” during maize maturity time each year. A 60-m² area was randomly selected within each experimental plot. All maize ears within the selected area were harvested, and their total number and weight were collected. Subsequently, the total yield of the entire field was extrapolated based on these measurements (Yu, 2020).





2.4 Data analysis

All statistical analyses (including correlation analyses) in this paper were performed using SPSS statistical software 22.0, and statistical tests were performed using a significance level of 0.05 as a criterion for judgement, and structural equation modeling (SEM) was constructed using Smart PLS 3.0 software, by setting the independent variables (soil aeration and fertility), the mediating variable (root growth indicators), and the dependent variable (maize yield). The model was first validated by measuring the model (indicator loading, Cronbach’s alpha, combined reliability, and mean extracted variance) to ensure the reliability and validity of the data, and then tested the significance of the coefficients of each pathway through 500 samples using the Bootstrap technique to analyze how soil aeration and fertility indirectly affect maize yield through root growth indicators. Finally, in order to deal with possible Type I errors due to conducting multiple hypothesis tests, the Bonferroni correction method was used to adjust the significance level and thus the rigor of the results of the study.





3 Results



3.1 Soil environmental indicators



3.1.1 Soil aeration

Long-term AI technology had significant and highly significant effects on soil oxygen content and soil respiration rate, respectively (Figures 5, 6). Compared with the CK treatment, the increases were 1.90% to 24.71% (p < 0.05) and 3.08% to 21.34% (p < 0.01), respectively. Although the AI technique can improve soil aerated porosity to a certain extent, only some of the measured sites showed significant differences (p < 0.05) (Figure 7).

[image: Two graphs comparing soil respiration rates. Left graph (a): Box plots show soil respiration rates in μmol/m²/s across growth stages VE-V6, V6-VT, VT-R2, and R2-R5, with CK and AI treatments. Stars indicate significance levels. Right graph (b): Bar graphs display inter-annual changes from 2020 to 2023 in the same treatments and growth stages. Lines indicate the rate of increase in percentage, with significance marked by stars.]
Figure 5 | (A, B) Response of soil respiration rate to aerated irrigation technique.

[image: Two charts compare soil oxygen content. Chart a shows box plots of soil oxygen content percentages across four growth stages for CK and AI treatments, highlighting significant differences. Chart b presents bar graphs of inter-annual changes in soil oxygen content from 2020 to 2023, indicating percentage increases and significant differences between CK and AI treatments.]
Figure 6 | (A, B) Response of soil oxygen content to aerated irrigation technique.

[image: Chart depicting changes in soil aeration porosity. Panel a shows a box plot comparing CK and AI treatments across growth stages: VE-V6, V6-VT, VT-R2, and R2-R5, with statistical significance markers. Panel b displays inter-annual changes from 2020 to 2023 in bar plots with corresponding percentage increase or decrease lines for CK and AI treatments. Statistical significance is indicated at various points.]
Figure 7 | (A, B) Response of soil aerated porosity to aerated irrigation techniques.

Soil respiration rate showed a “single-peak” trend of “first increasing and then decreasing” throughout the maize reproductive period (Figure 5A). In the maize VE period, low soil temperature (Figure 1), high soil humidity, relative low microorganisms level in the soil, low soil respiration rate, and slow decomposition rate showed in the results. No significant difference was found between different treatments (p > 0.05). Soil oxygenation improved with aerated seepage irrigation technology (Figure 6B) and showed significant and highly significant differences compared to the CK treatment. Maize was in the period of tasseling to the filling at the VT–R2 period that the growth rate reached the peak and the oxygen demand and respiration rate of the root system were maximized. The mean value of soil respiration rate under aerated infiltration treatment reached 4.15 μmol m−2·s−1 (Figure 5A). The results of soil respiration rate changes under different treatments from 2020 to 2023 showed that the effect of AI increased year by year at all fertility periods as the year progressed (Figure 5B). In the VE–V6 period, the effect of AI on soil respiration rate was small, and although soil respiration rate increased under the AI treatment, none of the increases was significant. When maize entered the V6–VT and VT–R2 periods, the increases ranged from 7.66% to 24.71% and 15.77% to 24.04%, respectively, compared with the CK treatments (Figure 5B), and the effect was significant and enhanced year by year, and reached highly significant differences (p < 0.01) in 2022 and 2023.

Soil oxygen content under different treatments showed a trend of “gradual decline” throughout the reproductive period of maize (Figure 6A), and there was no significant difference in soil oxygen content between different treatments during the two periods of maize V6–VT and VT–R2 (p > 0.05), which is mainly due to the fast growth of maize and enhanced soil respiration rate. From 2020 to 2023, soil oxygen content under AI treatment was higher than that of CK treatment in all fertility periods (VE–V6, V6–VT, VT–R2, and R2–R5), and the increase year by year as the year progressed (Figure 6B), but in the VT–R2 stage, the enhancement effect of AI on soil oxygen content was enhanced year by year, and the increase was 7.10% to 17.69% compared with CK treatment (Figure 6B), but the overall increase did not reach a significant level (p > 0.05). In the R2–R5 stage, AI could significantly enhance soil oxygen content, and the increase reached highly significant levels (p < 0.01) in 2022 and 2023.

The effect of long-term AI technology on soil aerated porosity is shown in Figure 7A; in the VE–V6 period of maize, aerated infiltration irrigation technology instead decreased soil aerated porosity (Figure 7A); in the late maize growth period, aerated infiltration irrigation under the treatment compared to the CK group can improve soil aerated porosity to a certain extent, with an increase ranging from 2.76% to 18.20% (Figure 7B); and only some of the measurement points have significant (p < 0.05) and highly significant (p < 0.01) differences. From the data from 2020 to 2023, the technology can significantly increase soil aerated porosity during the V6–VT and VT–R2 periods (p < 0.05), and the improvement of soil aerated porosity by aerated infiltration technology is significant year by year over time, with gradual improvement of the soil structure and continuous improvement of soil aerated porosity (Figure 7B).



3.1.2 Soil fertility

During the reproductive period of maize, soil bacterial biomass under different treatments showed a trend of “gradual increase” with the growth of maize (Figure 8A) ranging from 1.27 to 5.12×109 g−1. The soil bacterial biomass under AI was significantly increased by 8.97%–50.09% compared with the CK group and had a significant effect (p < 0.05) on the growth of maize throughout the reproductive period (p < 0.05). In the later period (VT–R2 and R2–R5), the increase of soil bacterial biomass by AI treatment was more significant and increased year by year (Figure 8B). There were highly significant differences between different treatments (p < 0.01) when the atmospheric temperature and humidity were higher (Figure 1). The decomposition of soil organic matter was more active and the respiration rate of the crop root system reached the peak (Figure 5A). The warm and moist soil environment and the carbon source and nutrients released from the decomposition of organic matter provided rich nutrients for the growth of bacteria in the soil (Baldocchi et al., 2018), the bacterial biomass of maize R2–R5 reached the peak, and the increase of AI treatment compared with the CK group could reach 50.09% in 2023 (Figure 8B).

[image: Panel a shows box plots comparing soil bacterial biomass between CK and AI treatments across different growth stages, with CK generally displaying higher values. Panel b presents bar charts of inter-annual bacterial biomass changes from 2020 to 2023, alongside line graphs indicating the rate of increase. Notable trends and variances are marked with statistical significance symbols.]
Figure 8 | (A, B) Response of soil bacterial biomass to aerated irrigation techniques.

Soil enzymes continuously provide nutrients and energy to the soil by promoting organic matter decomposition, mineralization, and recycling (Xu et al., 2024). The increases in URE, CAT, and PHO activities over the control were 12.35%–100.96%, 10.31%–30.74%, and 45.03%–51.71%, respectively. With the growth of maize, the more significant is the effect on soil enzyme activities, especially in the VT–R2 period of maize, the rate of nutrient cycling in the soil was accelerated, and the activities of these enzymes in the soil increased to reach the peak value. All of the above factors lead to the decline of soil enzyme activities (Figures 5C, E, 9A) with the reduction of nutrient uptake by maize, the microbial activity is weakened, and the rate of decomposition and mineralization of organic matter is reduced when maize was in the R5 period. The activities of all three enzymes were significantly increased by AI treatments, and the long-term application of AI had a stabilizing and promoting effect. Among them, in the late maize growth period (VT–R2 and R2–R5), the increase of soil URE activity by AI treatment was significant; in particular, in 2023, the increase of URE activity in the VT–R2 period reached 100.96% (Figure 9B), and the increase of PHO activity reached 51.74% (Figure 9D); moreover, the peroxidase activity under AI conditions increased by 30.74% (Figure 9D) and 30.56% (Figure 9D) in 2022 and increased by 30.74% (Figure 9D) and 30.56% (Figure 9F) in 2023, respectively.

[image: Box plots and bar charts show urease, catalase, and phosphatase activities over different growth stages (VE-V6, V6-VT, VT-R2, R2-R5) and years (2020-2023). Each activity is measured under two conditions, CK and AI. The urease, catalase, and phosphatase activities consistently display higher values under AI compared to CK, with varying inter-annual increase percentages depicted. Statistical significance is marked by asterisks.]
Figure 9 | (A–F) Response of soil enzyme activities to aerated irrigation techniques.






3.2 Root growth

Morphological plasticity of crops refers to the ability of crops to adapt to environmental conditions by changing the morphology and structure of the root system, stem, leaves, flowers, and fruits and other tissues under specific environmental conditions (Palada et al., 2010; Yu, 2023). As shown in Table 1, there were significant (p < 0.05) and highly significant (p < 0.01) promotion effects on root morphology indexes at different levels of soil after long-term aerated percolation irrigation. The effect on root length, root surface area, and root volume in the 15–30 cm soil layer was more significant under the AI technique (Table 1). Data from 2020 to 2023 showed that the AI technology showed consistency and stability across years. Soil depth root length, root surface area, and root volume increased by 15.56% to 53.79%, 30.13% to 62.31%, and 27.56% to 33.07%, respectively, using AI technology (Figure 10B), which indicated that aerated maize root maize under the percolation irrigation treatment could expand the root system deeper and more widely, improve the contact area between the root system and the soil, and provide a stable nutrient supply for maize during the critical period of maize growth. AI technology further increased root dry weight by improving root morphology indexes, with increases ranging from 19.23% to 35.64% compared with the CK treatment (Figure 10A).

Table 1 | Effects of different treatments on morphological indicators of maize in different soil layers.


[image: Table showing morphological characteristics of roots from 2020 to 2023, categorized by root length, root surface area, and root volume across soil depths (0-15 cm, 15-30 cm, 30-45 cm, 45-60 cm) for treatments CK and AI. Asterisks indicate significant differences.]
[image: Two charts depict inter-annual changes in root characteristics from 2020 to 2023. The first chart shows root dry weight in grams for CK and AI, with an increasing trend and percentages: 19.23%, 23.65%, 30.21%, and 35.64%. The second chart depicts increases in root length, root surface area, and root volume, with respective growth rates in 2023 of 47.73%, 62.31%, and 30.39%.]
Figure 10 | (A, B) Response of root indicators to aerated irrigation techniques.




3.3 Growth physiology characteristics



3.3.1 Agronomic indicators

The most intuitive effects of the different treatments were manifested in the morphological indicators of the crop, such as plant height, stem thickness, and leaf area. AI treatment could significantly increase maize plant height and stem thickness by 3.06% to 9.74% and 8.09% to 15.25%, respectively (Figure 11). It also indicated that aerated infiltration irrigation technology could increase the growth rate of maize plants, and that V6–VT was the critical period for maize growth. AI technology significantly increased maize plant height and stem thickness during 2020–2023 (Figure 11). With experimental years increased, the effect of AI treatments on maize plant height and stem thickness increased year by year with the most significant increase during the maize VT–R2 period in 2023. Plant height and stem thickness increased 9.74% and 15.25% compared with CK treatment (Figure 11).

[image: Two bar graphs compare the height and stem diameter of plants from 2020 to 2023. In both graphs, CK and AI represent different treatment groups. The height graph shows variations with increased percentages marked by lines, while the stem diameter graph indicates similar trends. Asterisks signify statistically significant differences. The x-axes have intervals labeled VE-V6, V6-VT, VT-R2, and R2-R5. The percentage increases are highlighted above the bars, with rates of increase on the right y-axis.]
Figure 11 | (A, B) Effect of aerated percolation technology on agronomic traits of maize.




3.3.2 Photosynthetic properties

As the central pigment of photosynthetic reaction, chlorophyll plays the dual role of capturing light energy and separating charge, and at the same time, it can promote the opening of crop leaves to a certain extent, which is conducive to increasing the raw material (CO2) for photosynthetic reaction (Guo et al., 2023). The aerated treatments in this experiment all significantly increased maize chlorophyll content, photosynthetic rate, and transpiration rate by 8.07% to 22.41%, 14.06% to 25.97%, and 19.54% to 45.63%, respectively (Figure 12). The increases in chlorophyll content, photosynthetic rate, and transpiration rate were significant at several fertility stages in 2022 and 2023, and the boosting effect increased with each year. Among them, the increase in chlorophyll content reached 21.70% and 22.41% in 2023 at maize V6–VT and VT–R2 stages, respectively. At the maize V6–VT stage in 2023, AI treatment could significantly increase by 25.97% compared to CK treatment. The transpiration rate of maize under AI technology increased significantly in 2022 and 2023, especially at maize V6–VT and VT–R2 stages, which could increase up to 43.69% and 45.63% compared with CK treatment.

[image: Six graphs labeled a to f, depicting plant physiological data: a) Box plot of chlorophyll content across growth stages for CK and AI groups, showing significant differences. b) Bar and line graph of inter-annual chlorophyll content changes from 2020 to 2023. c) Box plot of photosynthetic rates for CK and AI groups, highlighting significant differences. d) Bar and line graph detailing inter-annual changes in photosynthetic rates. e) Box plot comparing transpiration rates of CK and AI groups, indicating significant variations. f) Bar and line graph illustrating inter-annual changes in transpiration rates, with specific rates of increase or decrease.]
Figure 12 | (A–F) Effect of aerated infiltration technology on the physiological characteristics of maize.





3.4 Maize yield

The effect of different treatments on maize yield is shown in Figure 13. Under AI treatment, maize yield increased by 1.16% to 14.42% compared to CK treatment. It can also be observed that the yield-enhancing effect of AI treatment varied across different years. From 2020 to 2023, the enhancement in maize yield under AI treatment showed an overall increasing trend over time. This indicates that the promotion effect of AI treatment on maize yield gradually strengthened in the long-term experiment, reaching an increase of 14.42% in yield by 2023.

[image: Bar chart comparing crop yield in kilograms per hectare for years 2020 to 2023, with CK in brown and AI in blue. A red line shows the rate of increase. Significant differences are marked with asterisks: * for 2022 and ** for 2023. The chart shows an upward trend in yield increase.]
Figure 13 | Effect of different treatments on maize yield.




3.5 Analysis of yield increase mechanism of dry field maize under aerated irrigation mode

In this paper, field data from 2020 to 2023 were selected and analyzed by using Smart PLS 3.0 to analyze the structural equation model proposed in this study, and Bootstrap was carried out for the path coefficient test. The number of selected cycle test was 500 times. Before the analysis of the structural model, this paper launched the analysis of the measurement model, and the reliability test results of this study are good. All the indicators related to the latent variables can represent the concept itself better that the factor loadings are all greater than the threshold value of 0.7. On the other hand, the degree of consistency of the indicators (measurement items) is related to the content of the measurements. The higher the value of Cronbach’s alpha coefficient, the stronger the intrinsic consistency. Cronbach’s alpha values of the latent variables in this model were all greater than the threshold value of 0.7. The consistency between the items was good (Table 2). The construct validity of the latent variables is mainly divided into convergent validity and discriminant validity, which can be determined by composite reliability (CR) and average variance extracted (AVE), in which CR needs to be not less than 0.6, and AVE needs to be more than 0.5. The CR is greater than 0.7, and the AVE is greater than 0.7 in the model of this study. The Cronbach’s alpha of this model is greater than the threshold of 0.7. The results showed that the model has good reliability and validity and is suitable for subsequent SEM analysis.

Table 2 | Measurement model test results.


[image: Table comparing various indices related to soil and plant growth. Categories include soil aeration, fertility, root growth, and growth physiology characteristics. It lists factor loadings, Cronbach's alpha, combinatorial reliability, and average extraction variance for each sub-index. Values range from 0.504 to 0.950, indicating different levels of reliability and variance extraction in the data.]
The maize yield enhancement mechanism model under AI mode is illustrated in Figure 14. The results indicated that AI technology effectively explained the variance in soil aeration (R2 = 0.499) and soil fertility (R2 = 0.702). Specifically, the path coefficient from soil aeration to root metrics is 0.540 (p < 0.01), and soil fertility indirectly influences crop yield through root metrics with a path coefficient of 0.613 (p < 0.01). Causal relationship testing between soil aeration and soil fertility reveals a strong positive effect of soil aeration on soil fertility (path coefficient = 0.411, p < 0.05), which indicated that improved soil aeration enhances soil fertility, making nutrients more accessible and usable by plants. Enhanced soil fertility directly promotes maize yield increase and facilitates maize growth and development.

[image: Diagram showing the effects of aerated irrigation technology on maize yield. Arrows indicate relationships between soil aeration, soil fertility, root growth, and growth physiological indicators. Numbers on arrows represent correlation coefficients. Soil aeration indicators (R²=0.499), soil fertility indicators (R²=0.702), root growth indicators (R²=0.783), and growth physiological indicators (R²=0.748) quantitatively listed. The final arrow points to maize yield (0.504).]
Figure 14 | Structural model of maize yield increase by aerated irrigation technology.

AI technology primarily improves soil aeration and soil fertility indicators, which provide a favorable growth environment for maize roots. Regarding indirect effects, soil aeration influences maize root metrics through its impact on soil fertility indicators. The effect of soil aeration on root metrics leading to yield is calculated as 0.540 × 0.730 = 0.394, while the effect of soil fertility on root metrics leading to yield is 0.613 × 0.730 = 0.447. This indicates that soil fertility has a direct and significant positive effect on maize growth and yield and strengthened through its indirect impact via root metrics.

The SEM structural equation model indicates that soil aeration and soil fertility have highly significant and significant effects on maize growth physiological indicators with path coefficients of 0.511 and 0.496, respectively. This suggests that soil aeration has a considerable impact on maize growth physiological indicators. Regarding indirect effects, soil aeration influences maize growth physiological indicators through its impact on soil fertility indicators. The effect of soil aeration on soil fertility leading to growth physiology is calculated as 0.411 × 0.496 = 0.204. AI technology not only promotes maize growth by providing oxygen directly and improving root environment, but also indirectly supports maize growth by enhancing soil fertility. Soil fertility acts as a mediator by influencing soil nutrient supply, further supporting maize growth physiological indicators. However, maize growth physiological characteristics have a path coefficient of −0.209 on maize yield, indicating a negative impact of maize growth physiological characteristics on yield.





4 Discussion



4.1 Long-term effects of aerated irrigation on soil environment



4.1.1 Soil aeration

Good soil aeration ensures an adequate supply of oxygen around crop roots and facilitates the timely removal of CO2 produced by root respiration into the soil. It is a critical indicator for assessing soil health and the crop growth environment, which is crucial for enhancing soil fertility as well (Xu et al., 2024). The results of this study demonstrated that AI treatments significantly increased soil oxygen content (Figure 5A) and respiration rate (Figure 5B) compared to the control group CK, which is consistent with findings from previous research. This enhancement is primarily attributed to more efficient metabolic activities of soil bacteria and other microorganisms, as well as maize roots (Yu, 2020; Li R. et al., 2023; DeBoer et al., 2024). In this study, AI treatment maintained a favorable soil oxygen level (Figure 6A), although soil respiration increased during the V6–VT and VT–R2 stages under AI treatment (Figure 5B). This ensured normal metabolic activities of soil microorganisms. As maize entered the R2–R5 stage, most of its growth and nutrient accumulation were completed. Plants started focusing on transferring photosynthetic products (such as carbohydrates) to the grains. Root activity and root exudation also decreased, which resulted in reduced microbial activity and organic matter decomposition rates. Consequently, soil oxygen content and respiration rate gradually stabilized and showed a declining trend (Figures 6A, B). Studies by Li et al (DeBoer et al., 2024). similarly demonstrate that enhancing soil oxygen content effectively promotes soil oxidation–reduction reactions, improving soil water and gas environments to facilitate crop water and nutrient absorption. Research by Zhu et al. and Bhattarai et al. further supports that AI treatments increase soil oxygen content by 124% and 183% compared to non-aeration treatments (Bhattarai et al., 2005; Torabi et al., 2013; Bhattarai et al., 2015; Pendergast et al., 2019; Zhu et al., 2020). This increased oxygen supply promotes microbial reproduction and activity in the soil; enhances organic matter decomposition, nutrient release, soil fertility, and biological activity; and ultimately boosts crop growth rates and yields.

Soil aeration pore size and soil water levels exhibit a reciprocal relationship. The study indicates that AI treatments did not significantly affect soil aeration pore size. During the maize VE stage, AI treatments reduced soil aeration pore size (Figure 7A). This effect primarily stemmed from AI treatments introducing not only air but also a considerable amount of water during irrigation at the maize VE stage. Excessive water might fill the soil pores with decreased soil aeration pore size. In the later stages of maize growth, the soil’s self-recovery capacity gradually restored the pore size to its original state although AI treatments improved soil aeration pore size to some extent compared to the CK group. Therefore, this influence was not statistically significant enough to be reflected in the data (Figure 7B).

In addition, it is known in this study that the effects of AI on soil respiration, soil oxygen content, and other indicators increased gradually with time during the long-term experimental process, which was mainly attributed to the gradual improvement of the soil structure, the enhancement of the root system and microbial activity, and the cumulative effect. AI gradually improves soil aeration by introducing air during the irrigation process (Yu, 2020). Over time, the soil structure, which was originally compact, becomes looser and more porous (Figure 6B), which makes it easier for air to penetrate deeper into the soil and increases the oxygen content of the soil. Secondly, with the prolongation of AI, the higher oxygen content in the soil promotes the metabolic activities of the root system and soil microorganisms, and their metabolic products will further improve the soil environment (Figure 8B), forming a virtuous cycle that leads to a continuous increase in soil respiration and oxygen content. Thus, these factors work together to make AI show more significant benefits in long-term applications.




4.1.2 Soil fertility

Soil oxygen content, respiration rate, and aeration pore size actively participate in soil microbial activities and root metabolism processes, facilitating the rapid release of nutrients and enhancing the content of available nutrients in the soil. Results from this study show that AI treatments had no significant impact on soil bacterial biomass during the maize VE stage (p > 0.05). However, they promoted an increase in soil bacterial biomass during the V6–VT and VT–R2 stages (Figure 8A). This finding is consistent with previous research indicating that AI techniques can increase the quantity and activity of bacteria and other microbes in the soil compared to conventional irrigation. It could also accelerate organic matter decomposition, enhance nutrient release, and improve soil fertility levels (Ben-Noah and Friedman, 2018). Furthermore, studies on acidic forest soils have shown that increasing soil oxygen concentration significantly increases the number of nitrifying bacteria and accelerate the conversion of ammonium nitrogen to nitrate nitrogen (Li et al., 2022).

Soil hypoxia stress inhibits soil enzyme activities and microbial populations, affecting nutrient cycling and organic matter degradation (Li Y. et al., 2023). AI treatment significantly increased the activities of three soil enzymes compared to CK treatment (Figures 9A, C, E). URE and PHO can accelerate the decomposition of urea and organophosphorus compounds in the soil and increase the effectiveness of nutrients (Yu et al., 2022b), which are mainly affected by soil nutrient content, organic matter content, microbial activity and soil aeration. The V6–VT period of maize is the nutrient growth period when the demand of nitrogen reaches the peak. It is necessary to carry out additional sufficient nitrogen and phosphorus fertilizers at this stage. Good soil aeration under AI treatment further promoted the secretion and action of URE and PHO. Then, URE could effectively convert urea into ammonium nitrogen for plant uptake while PHO accelerated the mineralization of organic phosphorus to produce inorganic phosphorus that could be absorbed by plants (Han et al., 2006; Li et al., 2020).

During the R2–R5 stage when maize grow into the reproductive stage and focus on grain filling and maturation, root uptake ability, enzyme secretion, and activity experienced a slowdown (Figure 9A) due to changes in physiological requirements although the soil aeration was improved due to AI treatment (Zhu et al., 2008; Zhang et al., 2012). CAT is used in plants and microorganisms to decompose hydrogen peroxide and protect cells from oxidative damage, and the activity of CAT is closely related to the activity level of microorganisms in soil. Relevant studies have shown that the higher the microbial activity, the more enzymes are secreted and the activity is enhanced, which is consistent with the experimental results in this paper (Figure 8). Hydrogen peroxide, one of the metabolic by-products, has to be decomposed by CAT to prevent the damage of oxidative stress on microorganisms and plant cells. Therefore, the higher the microbial activity, the stronger the secretion and activity of CAT, which creates a positive feedback mechanism and has significant effects in the rapid growth period (V6–VT) of maize (Figures 9C, D).

Overall, AI treatments have a positive impact on soil microbial activity, organic matter decomposition, and nutrient release, especially on increases in soil bacterial biomass during specific growth stages. This acceleration of organic matter breakdown and nutrient release contributes to enhancing soil fertility levels, thereby providing a favorable soil environment conducive to healthy crop growth.





4.2 Long-term promotion effects of aerated irrigation on maize growth

Roots are the primary organism to absorb water and nutrients for maize growth (Wei et al., 2021; Yu et al., 2022b). AI treatments, aimed at improving soil conditions, initially affect the growth of maize roots. This study demonstrates that under AI treatment, root length, surface area, volume, and dry weight increased significantly by 15.56% to 53.79%, 30.13% to 62.31%, 27.56% to 33.07%, and 19.23 to 35.64%, respectively (Table 1). Consistent with many studies, the reasons can be analyzed from two main aspects. Firstly, as indicated in 3.1 Soil environmental indicators of this study, AI treatment enhances soil oxygen availability, creating a favorable environment for aerobic microorganisms (Figure 8A). This increase in microbial populations and soil enzyme activities (Figure 9), facilitated by organic matter decomposition, releases abundant nutrient elements such as nitrogen, phosphorus, and potassium, thereby providing ample nutrition for maize root growth and supporting the development of deeper roots (Li Y. et al., 2023). Secondly, enhanced root extension and activity improve maize’s capacity to absorb water and nutrients. The increased root length and volume expand the root–soil contact surface area to reach for greater absorption of water and nutrients from a broader soil area. This not only supports healthy aboveground growth, but also promotes further root growth and expansion (Zhuang et al., 2024) as was shown by the significant increase in root dry weight (Table 1). In addition, this study showed in a long-term experiment that AI technology had more significant effects on root length, root surface area, and root volume in the 15- to 30-cm soil layer (Table 1), partly due to the fact that the physical structure of soil in the 15- to 30-cm layer is relatively loose (Zhao et al., 2017), which is more susceptible to the positive effects of AI, and oxygen is more likely to penetrate and diffuse into the root zone, while the soil physical structure of the 30- to 60-cm soil layer is usually denser (Silwal et al., 2020; Yu et al., 2022b), with a relatively low porosity, and the higher degree of compaction restricts the diffusion rate of oxygen, making it difficult for oxygen to penetrate deeply into deeper soil layers. Even if AI treatment passes air into this layer, the diffusion efficiency of oxygen in deep soil is not as good as that in shallow soil, and the absorption capacity of the root system is inhibited, leading to its relatively small effect in the 30- to 60-cm soil layer.

On the other hand, the 15- to 30-cm soil layer is usually the main area for nutrient and water absorption by the maize root system, which is relatively dense and active (Yu et al., 2022a), and can cover a large area of the soil, and can effectively absorb water and nutrients in the soil, and the AI treatment improves the soil aeration of this soil layer and promotes respiration and metabolic activities of the root system, thus improving the growth capacity of the root system and enhancing the efficiency of water and nutrient absorption. The 30- to 60-cm soil layer belongs to the deep layer, the power of root expansion to the deep layer mainly comes from water shortage and other stress conditions, while the root system prefers to develop in the shallow layer under normal conditions. Therefore, the number of maize roots in the 30- to 60-cm soil layer is relatively small and the expansion speed of the root system is relatively slow and root density is low. Although AI treatment can improve soil aeration in this layer, root absorption capacity is limited and the effect is not significant due to less roots in this layer.

Maize roots absorb water, which is crucial for photosynthesis and transpiration in leaves and serves as the foundation for chlorophyll synthesis (Melsted et al., 1949; Zhu, 2020). Compared to the CK group, AI treatment increases chlorophyll content in maize leaves (Figure 12A), raises stomatal conductance, elevates intercellular CO2 concentration, and enhances transpiration rate (Figure 12E). Concurrently, maize photosynthetic rate also increases (Figure 12C). Similarly, Li et al (Ben-Noah and Friedman, 2018). found that adequate oxygen supply in soil benefits root growth and promotes aboveground photosynthesis. Research by Lei et al. indicates that aerated treatments significantly improve maize photosynthetic efficiency that is mainly attributed to enhanced root respiration facilitated by sufficient oxygen supply. This improvement in soil and root environment indirectly enhances aboveground photosynthesis and transpiration, thereby increasing root absorption capacity for water and nutrients, which, in turn, promotes aboveground growth and development (Li Y. et al., 2023). It is known that sufficient oxygen under AI treatment enhances root efficiency in water and nutrient uptake. This is transported upwards through root cell interstices or the vascular bundles of the stem to reach the leaves, ensuring ample water and nutrient supply to maize plants. Regulation of stomatal conductance adjusts water and gas balance to maintain internal leaf humidity and gas concentration (Li et al., 2020), thereby promoting chlorophyll synthesis and accumulation to support photosynthesis and transpiration in crop leaves. Moreover, studies also show that AI treatment not only increases maize chlorophyll content and enhances net photosynthetic rate (Han et al., 2006) but also delays leaf senescence, resulting in increased production of photosynthetic products.

This study also confirms that maize stem diameter increases rapidly during early growth under different treatments, with AI treatment showing significantly higher growth rates compared to the CK treatment (Figures 8A, B). As the maize growing season progresses, the growth advantage of AI treatment becomes increasingly evident. During the maize V6–VT stages, AI treatment significantly influences maize stem diameter at a very significant level (p < 0.01). This research aligns with previous findings in the development of AI technologies across various plant species, primarily influenced by factors such as cell elongation and division, vascular bundle growth, cell wall synthesis, and photosynthetic products. Long-term field trials and previous discussions in this study indicate that under AI technology, maize roots exhibit efficient water and nutrient uptake capabilities, providing ample nutrients to the stem through upward transport. This supports the synthesis of robust and thick cell walls in the maize stem (Xing, 2015), while carbohydrates produced through photosynthesis provide energy and material foundations for stem growth, thereby promoting maize growth and stem robustness (Xiao Z. et al., 2023).




4.3 Long-term maize yield mechanism under aerated irrigation technology

The soil environment improvement aims to improve crop yield. This study showed that aerated infiltration technology can alleviate the low oxygen stress of soil, which could promote soil respiration (Li et al., 2024), and positively affect the root growth and physiological characteristics of maize (Ouyang, 2018; Yu, 2020; Pang et al., 2023; DeBoer et al., 2024). The continuous 4a aerated infiltration technique significantly increased maize yield by 1.16% to 14.42% compared to the traditional infiltration technique (Figure 13). Because the planting situation needs to adapt to the new technology and conditions, it takes time to take full advantage of the technology. The initial yield increase effect of aerated infiltration is weak with the passage of time and adaptation. The advantages of the aerated infiltration technology include improved soil aeration and soil fertility, and the accumulation of the synergistic effect on maize yields. However, with the yield increase reaching the peak in 2021, there were unstable fluctuations in the late yield increase effect. On the one hand, it was due to the fact that climatic conditions in different years would have fluctuating effects on plant growth and yield. The maize jointing stage (V6)–tasseling stage (VT) (35–40 days after sowing) is the period of rapid growth of maize plants when stalks begin to elongate rapidly and most leaves unfold with a significant increase in water demand. Many studies have shown that the water demand in this stage accounts for 30%–35% of the water demand in the whole reproductive period. However, the low rainfall during this period in 2022 and 2023 (Figure 1) and the water deficit environment will lead to soil drought. Although AI treatment can help to improve the aeration of the root system, the water shortage still limits the growth of the crop resulting in a less than expected increase in yields. On the other hand, the high temperature of the weather in 2022 and 2023 (35°C) aggravated transpiration, and maize needed more water to maintain physiological activities. However, variations in precipitation and instability in soil moisture supply may cause plants to enter a state of water stress under high-temperature conditions, affecting flowering and kernel formation in the later stages of maize. In addition, the improvement of soil fertility under soil aeration conditions did not grow linearly (Jiang et al., 2024), such as fertilizer application rate, timing of fertilizer application, and soil type, which could lead to the fluctuation of soil fertility. The nutrient content of the soil may increase in a certain period of time but may fluctuate or decrease in another period. A combination of factors will directly affect crop growth and yield.

SEM was used to further evaluate the interactions and intensity of influence among soil aeration, soil fertility, and root indicators under AI treatment. The path coefficients were used to reflect the degree of influence of each variable on the other variables, which showed that AI technology directly affected soil aeration and soil fertility indicators with path coefficients of 0.419 and 0.661, respectively. The data in Table 2 showed that soil respiration rate (0.801), soil oxygen content (0.944), and soil aeration porosity (0.693), with factor loading values higher than 0.7, indicate that the above measurements can well characterize soil aeration and that the AI treatment significantly enhances the supply of oxygen to the soil, especially by increasing the oxygen content of the soil, which strengthens the respiration rate of the soil (Yu et al., 2022a). It further promoted microbial decomposition activities, increased the rate of organic matter decomposition (Zhu, 2020; Yu et al., 2022a), and accelerated the ecosystem activity throughout the root zone. Bacterial biomass (0.950), URE (0.811), CAT (0.791), and PHO (0.824) in the soil fertility index system had high factor loadings, indicating that the AI technology significantly increased microbial activity in the soil, especially aerobic microbes. A large number of scholars’ studies have also shown that this technology accelerates the decomposition of organic matter to accelerate the mineralization process of key nutrients in the soil, such as nitrogen, phosphorus, and potassium, which enhances soil fertility and directly provides the basis for nutrient supply for root growth (Ouyang and Tian, 2023 2023; Shahzad et al., 2019; Li et al., 2024). Soil aeration index also had a significant positive effect on soil fertility index (path coefficient of 0.411), and this result also further proved that higher soil respiration rate and soil oxygen content under AI technology made microbial metabolism more active, which improved soil fertility (Figure 14).

This study examined that soil aeration and soil fertility had a significant positive effect on root indexes with path coefficients of 0.540** and 0.613**, respectively. In the process of root growth, soil fertility and aeration worked together to generate a positive feedback mechanism to enhance soil fertility by increasing root respiration and soil microbial activity. Soil fertility promotes root expansion by providing sufficient nutrients. The root system can carry out respiration efficiently and generate more energy for root cell growth and expansion. Root length, root surface area, and root volume were increased consequently. Although soil aeration has a direct effect on root growth, it is more important to promote root growth and expansion by improving soil microbial activity and promoting organic matter decomposition and nutrient release. Moreover, soil aeration could improve root growth and root biomass accumulation by increased soil composites.

A strong root system is the basis for high maize yield by acquiring more water and nutrients (Yu et al., 2022b), especially under drought or soil fertility deficit conditions. It can promote water and nutrient redistribution in the plant and maintain leaf photosynthesis and metabolic activities by enhancing synergistic interactions with the aboveground parts, thus mitigating the negative effects of drought and nutrient deprivation on the crop yield, and preventing the maize from yield reduction due to water deficit. The results of this study showed that root growth had a large effect on maize yield with a path coefficient of 0.730** (Figure 14). AI treatment can improve maize root growth (Table 1), which provides sufficient nutrients and water for the growth of the aboveground part. The nutrients can support maize reproductive growth by participating in cell division, photosynthesis, and metabolism processes of the maize growth process. In the meantime, it provides essential energy to support the healthy growth and high yield of maize.

However, this study found that physiological growth indicators of crops did not significantly affect crop yield (p > 0.05). The reason behind this could be attributed to excessive physiological activities, such as high photosynthetic efficiency (Jiang et al., 2024), which consume a substantial amount of energy and resources for the development of physiological characteristics (e.g., expansion of stems and leaves). Factors like leaf area, stem thickness, and plant height compete for limited water and nutrient resources, thereby affecting the formation, development, and final yield of maize grains (Palada et al., 2010; Baldocchi et al., 2018; Guo et al., 2023; Jin et al., 2024; Xu et al., 2024). As noted by Gliński in “Soil Aeration and Its Role for Plants”, plants possess a set of growth regulatory mechanisms that allow them to adjust growth and development processes based on external environmental conditions and internal needs. In situations of limited resources, the expansion of plant stems and leaves competes for limited water and nutrient resources (Waadt et al., 2022). When these resources cannot meet all growth demands, plants may prioritize the most critical aspects of growth, potentially at the expense of grain formation and development (Meena et al., 2019; Johnson et al., 2022).





5 Conclusion

In the dryland of Zhanjiang City, Guangdong Province, AI technology can improve soil aeration, provide a more suitable root growth environment for maize growth, and significantly improve maize growth characteristics and yield. We demonstrated that AI technology significantly improved soil aeration (path coefficient of 0.419) and soil fertility (path coefficient of 0.661), which promoted maize root growth (path coefficients of 0.540 and 0.613, respectively), and ultimately, the optimized root system directly contributed to the increase in maize yield (path coefficient of 0.730). Thus, the improvement of soil fertility in the soil root zone and the resulting enhancement of maize root growth by AI technology are the key to increased maize yield. Although growth physiological traits play an important role in the healthy growth of maize, their contribution to final maize yield is less direct and significant than that of root health due to their possible negative effects and higher resource consumption.

Overall, we will continue to conduct long-term experiments and introduce bio-analytical techniques to further assess the effects of AI on maize quality and nutrient composition. In addition, we will adjust the technical parameters by simulating different climatic conditions (e.g., prolonged droughts and continuous rains). The relationship among investment cost, operation cost, and fertilizer cost will be evaluated to achieve the optimal and sustainable AI technology that will be beneficial for agricultural productivity and environment protection.
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Introduction

To ensure higher productivity, fertilizers have been excessively applied to the fruit greenhouse soil yearly, thus resulting in the increasing risks of residual nitrate leaching in the North China Plain.





Methods

In this study, a water and solute transport HYDRUS-1D model was used to evaluate the effects of using sweet corn as a catch crop on deep water drainage and nitrate leaching in a sweet cherry greenhouse soil. A three-year (2019–2021) field experiment was conducted during the rainfall season from July to September in the post-harvest of sweet cherry, when the plastic cover was removed each year. In the experiment, the five treatments were designed. The three nitrate residue levels denoted by CKR, N1R, and N2R, represented nitrate residue amounts in the soil profile of three nitrogen fertilizer levels(0, 280 and 420kg ha-1) before the harvest of sweet cherry(March to June). Two other treatments with and without sweet corn as a catch crop based on the treatments of N1R and N2R were denoted by N1RC and N2RC, respectively. The data of both the spatial and temporal distribution of water and nitrate content during the rainy seasons of 2019, 2020 and 2021 in the field experiment were collected to calibrate and validate the model. 





Results

The simulated results have showed that using sweet corn as a catch crop increased the evapotranspiration rate, the upward flux of water and nitrate at a 100 cm soil depth reached a maximum of 1.5 mm d-1 and 1.0 kg N ha-1d-1, respectively, and the downward movement of water and nitrate leached to deeper soil layers was reduced. Compared with CKR, the treatments with catch crops (N1RC and N2RC) reduced the amount of water drainage by 16.4% -47.7% in the 0-180cm soil profile. The average amounts of nitrate leaching in the 1.8 m soil profile during the three-year experiment were 88.1, 113.3, and 58.2 kg N ha−1 for the treatment without catch crop (N1R and N2R) and 32.3, 54.8, and 31.4 kg N ha−1 for the treatment with catch crop (N1RC and N2RC), respectively. The treatments (N1RC and N2RC) with catch crops decreased the amount of nitrate leaching by 29.6%-69.1% compared with the treatments without catch crops (N1R and N2R).





Discussion

Sweet corn as summer catch crop can reduce nitrate leaching in the sweet cherry greenhouses. Our study has provided an effective method to reduce the risk of nitrate leaching for sweet cherry greenhouses in the North China Plain.





Keywords: greenhouse, catch crop, sweet corn, residual nitrate, nitrate leaching, water drainage, HYDRUS-1D model




1 Introduction

The rapid development of sweet cherry cultivation in greenhouses in the North China Plain (NCP) has attracted considerable attention in the last two decades owing to its high economic benefit (National Bureau of Statistics of China, 2023). However, most fruit greenhouses are mainly run by local orchardists with no or insufficient scientific fertilization knowledge and awareness of environmental protections (Hu et al., 2017; Liu et al., 2019a). Most local orchardists mainly focus on economic benefits and still apply traditional methods to achieve higher fruit yield and quality by applying more synthetic fertilizers (Wang et al., 2022; Zhao et al., 2022). Based on the survey of Shandong, Shanxi, and Liaoning provinces in China, the average nitrogen use efficiency is less than 35% under fruits management and therefor there is a large amount of residual mineral N accumulated in the soil (Han et al., 2015; Lu et al., 2022; Zhu et al., 2022). Liang et al. (2022) reported that the average residual nitrate content in 0–90 cm soil profiles after harvest was 445 kg/ha in the pear orchards in Beijing suburbs. A high content of residual nitrate was not adsorbed by soil because it was negatively charged, soil nitrate is mainly transported through water movement in the soil, and it can easily leach into deep soil horizons when flood irrigation and heavy rains occur (Wang et al., 2010; Zhang et al., 2019; Ahmed et al., 2022).

Because of the high temperatures from June to September, the plastic film covers of most of the sweet cherry greenhouses are removed during the postharvest period in North China. However, more than 50% of the annual rainfall occurs during this period. Abundant rainfall increases the risk of nitrate loss through leaching and causes additional environmental pollution in greenhouse land (Chang et al., 2019; Yu et al., 2019; Bai et al., 2020). Previous studies have shown that summer catch crop planting is an effective method of reducing nitrate leaching in intensively managed greenhouse systems in China (Zhang et al., 2019). Some plants with deep root systems have a high tolerance to high temperature and humidity and the ability to uptake nutrients (Iris et al., 2022, Iris et al., 2023). Meanwhile, accumulated biomass, such as sweet corn, has been widely used for summer catch crops (Guo et al., 2018). Due to the variations in evapotranspiration in the soil without catch crop, planting catch crops will have different degrees of impact on the movement of soil–water at the root and sub-root zone under greenhouse environment conditions, resulting in more complex patterns in soil–water movement, nitrate residual, and leaching (Zhang et al., 2019). However, no specific research has been reported to determine these effects on a quantitative basis in the fruit greenhouse soil.

Direct measurements of water and nitrogen migration in the orchard are expensive and labor-intensive (Bar-Yosef and Sheikholslami, 1976). Alternatively, there have been a number of studies to quantitatively evaluate water drainage and nitrate leaching at the field scale using the simulation models in HYDRUS-1D. These studies mainly considered the effect of irrigation and nitrogen management on nitrate residual and leaching (Vedran et al., 2023; Murphy et al., 2024). This study aimed to use the HYDRUS-1D software package to model dynamics and characteristics of water drainage and nitrate leaching for intercropping catch crop in the sweet cherry greenhouse land with consideration of rainfall timing and intensity scenarios. In this study, three years of field experiment data were collected to evaluate the effects of intercropping catch crop on soil–water storage and nitrogen balance. The data were used to calibrate and validate HYDRUS-1D for simulating and predicting (1) the characteristic differences of soil–water drainage and nitrate leaching between with and without intercropping catch crop and (2) the amount of soil–water drainage and nitrate leaching reductions due to intercropping catch crop under different rainfall conditions.




2 Materials and methods



2.1 Site details

The experiment was conducted in Changyi, Shandong province, China (42m elevation, 36.91°N and 119.30°E), which is located in a semi-humid temperate region with a mild climate and four distinct seasons. The annual average temperature ranges from 9 to 12°C, with a monthly maximum mean of 30°C in July and a monthly minimum mean of -10°C in January. The frost-free period includes 170–190 d from the end of April to the end of October. Average annual rainfall is 510–550 mm, with approximately 50% falling from June to September. The soil is classified as a Cambisol (FAO/Unesco, 1988). The soil chemical characteristics at a depth of 0–30 cm at the start of the experiment were 53.3 g kg-1 organic matter, 3.58 g kg-1 total N, 191.2 mg kg-1 available P, 589.5 mg kg-1 exchangeable K, 7.69 pH, and 1.62 ms cm-1 electrical conductivity. Soil physical and hydraulic properties at a depth of 0-180cm soil profile are shown in Table 1.

Table 1 | Physical and hydraulic properties for the soil profile in the experimental site.


[image: Table displaying soil properties across different depths. Columns include soil layer (cm), bulk density (BD in g/cm³), particle fraction percentages (sand, silt, clay), texture (USDA classification), residual and saturated water content (θr and θs in cm³/cm³), inverse of air-entry value (α in cm⁻¹), pore size distribution index (n), and saturated hydraulic conductivity (Ks in cm/day). Descriptions of terms are noted at the bottom.]



2.2 Study greenhouse

The Multi-Span Tunnel solar greenhouse (without solid walls) structure refers to a steel pipe structure of columns and a large truss depth covered with polyethylene film. In the greenhouse, sweet cherry trees (‘Brooks’/’Gisela 6’) were planted in 2013, and tall spindle axes were used as the training system. The sweet cherry trees were planted using cultivation methods in a south-to-north direction at a spacing of 2.0 m (in a row) ×4.0 m (between rows).




2.3 Nutrient inputs of the greenhouse

From 2013 to 2017, sheep manure fertilizer was used as the base fertilizer for all trees at an application rate of 65,000 kg hm-2. The sheep manure organic fertilizer (organic matter 450.0 g kg-1, nitrogen 17.2 g kg-1, phosphorus 19.8 g kg-1, potassium 24.2 g kg-1) was produced by Neimenggu Qingmu Biotechnology Co., LTD. The manure was buried in ditches, and the traditional ditches along both sides of the trees were 0.3 m wide and 0.2 m deep, the distance between ditches and trees was 0.8m. From 2014 to 2017, compound fertilizer(N: P: K = 2:1:0.5)was initially spread on the ground near the tree at an application rate of 450 kg hm-2 each year, and then irrigated using the local traditional flood method. From 2018 to 2021, the urea was spread in the traditional ditches in early April, mid-April, early May, and middle May. The amounts of urea applied were 0, 280, and 420 kg N ha-1 in different rows of trees. The soil was plowed in middle October. Afterward, sheep manure, phosphorus (p), and potassium (K) fertilizers were spread in the traditional ditches as the base fertilizer for all trees at an application rate of 60,000 kg ha-1, 90kg P ha-1, and 120 kg K ha-1, respectively. Irrigation was conducted at key stages of sweet cherry growth to replenish water. The timing and amount of flood irrigation between the tree rows followed the local methods.




2.4 Experimental design

Due to the application of three nitrogen fertilizer amounts (CK:0 kg ha-1, N1: 280 kg ha-1and N2:420 kg ha-1) in the preharvest, there were three nitrogen residue amounts in the soil profile between the tree rows in the postharvest, denoted by CKR, N1R, and N2R. The experiment was conducted in the postharvest period from July 19th to September 30th, 2019, July 16th to September 28th, 2020, and July 14th to September 29th, 2021. All the experiment plots were assigned randomly, having a split-plot arrangement with three factors of nitrogen residual amounts (CKR, N1R, N2R) and two planting patterns (with and without intercropping sweet corn as a catch crop based on the treatments of N1R and N2R, denoted by N1RC and N2RC). Nitrogen residual amounts were used as a main plot, and planting patterns were used as a subplot and replicated three times. Each subplot contains three small fields between tree rows. The small field size was 12m2 (6.0m✕2.0m), the distance between the small fields boundary in the south-to-north direction was 3.0 m. Soil ridges were built to prevent the rainfall water from flowing between the small fields in the south-to-north direction. In the catch crop planting field, four rows of sweet corn were planted, and the distances between plants and rows were 0.3m and 0.5m. Field layout of the experiment is shown in Figure 1. Before each experimental period, sweet corn seedlings of the “Jingtian 768” variety were nurtured in a greenhouse and then transplanted into plots at the start of the experiment. During the experiment, the plastic film of the greenhouse was removed as common practice. All plots received natural rainfall and were neither irrigated nor fertilized. The amount of rainfall during the experiment is shown in Figure 2. As a source of nitrogen, precipitation was limited (4–6 kg N ha-1) during the experimental periods and was therefore not included as a nitrogen input.

[image: Diagram showing an arranged orchard layout with rows labeled N1R, N1RC, CKR, and N2R. It features sweet cherry trees, sweet corn plots, a fertilization ditch, and an irrigation canal. Distances between rows and trees are marked, including measurements of 2.0 meters, 3.0 meters, 0.8 meters, 0.3 meters, 4.0 meters, and 6.0 meters. North is indicated by an arrow.]
Figure 1 | Field layout of the experiment.

[image: Bar graph showing rainfall measurements in millimeters from July 2019 to September 2021. Notable spikes occur in August 2019, July 2020, and August 2021. Total rainfall is marked as 251.7mm, 242.4mm, and 237.9mm across sections. Dates are in dd-mm-yy format on the x-axis, and rainfall is on the y-axis.]
Figure 2 | Rainfall during the uncovered summer months of 2019, 2020, and 2021 at the experiment site.




2.5 Field sampling and laboratory analysis

Soil profile pits were excavated at 180 cm depth, and soil samples at different soil texture layers were collected on June 25th 2018 after sweet cherry was harvested. Basic soil properties, including bulk density, pH, EC, SOM, TN, AP and AK were measured. Bulk density was measured using cutting ring method. Soil pH was determined using a pH meter at a soil/water ratio of 1:2.5 (Thunjai et al., 2001). Soil EC of the filtrate from a 1:5 soil–water mixture was measured using a conductivity meter detector (DDS-307) (Bao, 2000). Soil OM was measured using the dilution heat K2Cr2O7 oxidation volumetric method. Total N was measured by Kjeldahl method. Available P was measured by molybdenum-blue method. To determine soil available K, air-dried soil samples were extracted with 1 mol L−1 ammonium acetate (soil: solution ratio of 1:10) for 1 h, and the concentration of K in the extract was determined using flame photometry (Bao, 2000).

During the sweet corn growth period, soil samples were collected every 10 days from the subplots to a depth of 180cm at 30cm depth intervals using a 4cm diameter soil auger. Four soil cores per subplot were collected and the samples in the same soil layers were uniformly mixed together. The combined samples were stored in an ice box. Moisture of soil samples was gravimetrically determined at a drying temperature of 105°C. Each fresh soil sample was extracted with 0.1 mol L-1 of CaCl2 to determine the concentrations of NH4+-N and NO3−-N using a continuous flow analyzer (TRAACS 2000, Bran and Luebbe, Norderstedt, Germany). Leaf area index (LAI) was measured at the 6-leaf (V6), 8-leaf (V8), 12-leaf (V12), tasseling (VT), and physiological maturity (R6) stages. The sweet corn was manually harvested on October 2nd, 2019, September 30th, 2020, and September 30th, 2021. Six random plants per subplot, sampled in the harvest period, were dried at 70°C until constant weight and its N contents in cobs, leaves, and stems were analyzed using the Kjeldahl method.

Rainfall, maximum and minimum temperatures, wind speed, and solar radiation were measured daily at the meteorological station on the experimental site.




2.6 Model description

The HYDRUS-1D model can be used to simulate the water movement and nitrogen transport. It can also be used to simulate root water and nitrogen uptake for different crops in one-dimensional variably saturated-unsaturated media. The model is suitable for a variety of constant and variable boundary conditions (Simunek et al., 2013).




2.7 Soil–water movement

The one-dimensional movement of water in the soil is described using the Richards’ equation (Simunek et al., 2013).

[image: Partial differential equation involving the rate of change of theta with respect to time, the derivative with respect to z of K times the derivative of h regarding z plus one, minus S as a function of z and t.]

where θ is the volume of the soil–water (cm3 cm-3); h is the pressure head of the soil (cm); t is the infiltration time (d); z is the spatial coordinate (cm) (upward, positive); S (z, t) is the rate of water uptake by the roots (cm3 cm-3 d-1); and K(h) is the rate of unsaturated hydraulic conductivity (cm d-1), which is calculated using the van Genuchten model.




2.8 Sweet corn root water uptake

The HYDRUS-1D software uses the Feddes model to calculate the rate of water uptake by the root system, which is written as:

[image: Equation showing S(z, t) equals α(h, z) times β(z) times T_p. This is labeled as equation (2).]

where α (h, z) is a function of the water stress response (0 ≤ α ≤1); β(z) is a function of the standardized root water uptake distribution; Tp is the potential transpiration rate of the crop (cm d-1).

In this study, the maximum concentration of solutes for root water uptake was set to 0.1 mg cm-3 (Ramos et al., 2012). Due to water stress, root water uptake reductions α (h, z) were described using the piecewise linear model proposed by Feddes et al. (1978). In the model, water uptake is assumed to be zero at close to saturation (i.e., wetter than some arbitrary “anaerobiosis” point, h1). The water uptake is at the potential rate when the pressure head is between h2 and h3, drops off linearly when h > h2 or h < h3, and becomes zero when h < h4 or h > h1 (h4 is the wilting point). The pressure head h3 was adjusted depending on the transpiration rate between 0.1cm d-1 and 0.5 cm d-1 (Tafteh and Sepaskhah, 2012). The following parameters of the Feddes et al. (1978) model were used as follows: h1 = −15 cm, h2 = −30 cm, h3 = −325 cm to −600 cm, h4 = −8000 cm.

Phene and Kristensen found sweet corn roots were mainly distributed in 0–120 cm soil layer, and those in 0–120 cm accounted for 95% of the total (Phene et al., 1991; Kristensen and Thorup-Kristensen, 2005).

To avoid overestimation of the nitrogen absorption and water uptake at the root zone, we set the maximum root depth of sweet corn to 110 cm. The sweet corn was transplanted into the field as greenhouse seedlings. Therefore, the initial root depth for the simulation was set to 8 cm. The harvest time was set equal to the duration of the experiments.




2.9 Soil NO3−-N transport

Field experiment results showed that the NO3–N content was much higher than the NH4+-N content in the NCP (Ju et al., 2004; Li et al., 2007; Zhang et al., 2019). Similar to the study of Ma et al. (2007); Jin et al. (2007), and Wang et al. (2010), we assumed that NH4+-N produced through mineralization of organic N was transformed into NO3–N through nitrification, and soil organic N was mineralized directly into NO3–N (Hu et al., 2008; Zhang et al., 2019). Thus, the NH4+-N movement was ignored in the present study. Ammonia volatilization was negligible because no N fertilizer was applied in this study (Hu et al., 2008; Zhang et al., 2019). One-dimensional transport of NO3–N is described by the advection-dispersion equation.

[image: Partial differential equation representing mass balance: the partial derivative of theta times C with respect to t equals the partial derivative with respect to z of theta times D times the partial derivative of C with respect to z, minus the partial derivative of q times C with respect to z, plus S sub c. Equation number three.]

where C is the NO3−-N concentration in the soil solution (mg L-1); D is the diffusion–dispersion coefficient of NO3−-N (cm2 d-1); q is the water flux (cm d-1); and Sc is the source/sink term, which generally includes the local passive NO3−-N uptake, mineralization, immobilization, and biological denitrification processes. In this study, the Sc was calculated as follows:

[image: Mathematical equation displaying: \( S = c_t \times S(z, t) - k_{min} - k_{lim} \times C - k_{din} \times C \).]

where cs is the NO3−-N concentration up taken by plant roots (μg cm-3), S(z,t) is the root water uptake(d-1), kmin is the parameter for the mineralization rate of soil organic nitrogen (zero-order kinetics) (μg cm-3 d-1), kim is the parameter for the biological retention rate of soil Nmin (first-order kinetics) (d-1), and kden is the parameter for the soil denitrification rate (first-order kinetics) (d-1).




2.10 Boundary and initial conditions

Under actual field conditions, runoff may occur when the supply of water exceeds the soil infiltration capacity. Because this study mainly focused on simulating nitrate leaching, the process was simplified by assuming that all the water had infiltrated the soil and no runoff occurred. An atmospheric boundary condition that allowed surface ponded water was selected for the top boundary. The boundaries of water and nitrate are shown in Equations 5 and 6, respectively, where E(t) is the time-related function of the soil–water evaporation or the infiltration rate (cm d-1).

[image: Equation labeled (5) shows negative K multiplied by the partial derivative of h with respect to z plus one equals E of t. This is for z equals zero and t greater than zero.]

[image: Mathematical equation showing boundary conditions: negative theta times D times partial derivative of h with respect to z plus qC equals q0 times C0 of t, with z equals zero and t greater than zero. Equation labeled as number six.]

The amount of rainfall and the potential evapotranspiration were needed for the simulation analysis. The Penman–Monteith equation was used to estimate the reference crop evapotranspiration level (ET0), as recommended by the Food and Agriculture Organization of the United Nations (FAO). Then, the potential crop evapotranspiration was calculated using ETp = ET0 × Kc, where Kc is the crop coefficient (Allen et al., 1998). The Kc for sweet corn at stages of transplanting to jointing, jointing to heading, and heading to the grain-filling stage are 0.60, 0.90, 1.21, and 0.7, respectively (Jin et al., 2007; Hu et al., 2008; Wang et al., 2010).

Potential soil evaporation (Ep) was estimated using the empirical expression from the CERES model (Jones and Kiniry, 1986), where LAI was measured during the entire growth stage of sweet corn in every catch crop treatment, as shown in Equation 7. Tp (potential corn transpiration) was calculated using Equations 7, 8. In the HYDRUS model, the water stress coefficient was calculated using the Feddes model based on soil suction, as shown in Equation 2. Even though the CKR, N1R, and N2R treatments were bare soil, the Kc value was set to 0.15 (Ramos et al., 2012), and the LAI value was set to 1.0 due to the small amount of weed growth (Ritchie, 1972). The calculation method for Ea and Ta was the same as that used to calculate N1RC and N2RC.

[image: Mathematical expression for potential evaporation, \( E_p \). For \( \text{LAI} \leq 1.0 \), \( E_p = ET_p(1 - 0.43 \text{LAI}) \). For \( \text{LAI} > 1.0 \), \( E_p = \frac{ET_p}{\text{LAI}} e^{-0.43 \text{LAI}} \). Equation 7.]

[image: Mathematical formula showing \(I_p = ET_p - E_p\), labeled as equation eight.]

The lower boundary was selected to be the soil cross section at a depth of 180 cm, using free-draining boundaries, as shown in Equations 9, 10. The initial soil NO3−-N concentration and the soil–water concentration of the soil profile were set to values measured at the beginning of each year of the experiment, as shown in Equations 11, 12.

[image: Equation showing partial derivative of h with respect to z equals zero at z equals negative one hundred eighty centimeters and time greater than zero, labeled as equation nine.]

[image: Partial derivative of C with respect to z equals zero, at z equals negative one hundred eighty centimeters and t greater than zero. Equation ten.]

[image: Equation displayed: h equals h subscript zero of z, with z ranging between negative one hundred eighty centimeters and zero, at time t equals zero. Equation number eleven.]

[image: Mathematical expression stating \( C = C_0(z) \) for \( -180 \, \text{cm} \leq z \leq 0 \), with \( t = 0 \). Equation number 12 is referenced.]




2.11 Model input parameters

Required inputs for the HYDRUS-1D model include the soil hydraulic and nitrogen transport parameters. Functions of soil–water retention, θ(h), and hydraulic conductivity, k(h), are estimated using the Mualem (1976) and Van Genuchten (1980) equations, respectively. The hydraulic parameters, including θr, θ s, Ks, a, and n, were estimated using Rosetta software (Schaap et al., 2001) from the soil particle fractions, bulk density, and soil–water retention. Besides, it has measured the soil particle fraction and the soil water retention by sieve pipette method (Qiu et al., 2021) and pressure membrane meter method (Cresswell et al., 2008), respectively. The range of the nitrogen transformation parameters was determined according to the values reported in the literature (Jin et al., 2007; Hu et al., 2008; Wang et al., 2010). We adjusted soil–water hydraulic parameters and soil solute transport parameters by comparing the simulated and measured datasets. The calibrated soil–water hydraulic parameters and solute transport parameters are listed in Tables 1, 2, respectively.

Table 2 | Nitrogen transformation and transport parameters for a soil profile of 0–180cm.


[image: Table displaying soil layer data with parameters: soil layer depth in centimeters, longitudinal dispersivity (\(D_L\)) in centimeters, molecular diffusion coefficient (\(D_0\)) in square centimeters per day, mineralization rate constant (\(k_{min}\)) in micrograms per cubic centimeter per day, immobilization rate constant (\(K_{im}\)), and denitrification rate constant (\(K_{den}\)), both in per day. Values vary across different soil depths from 0 to 180 centimeters. Notes indicate zero-order and first-order kinetics.]
The HYDRUS-1D model uses the Arrhenius equation to apply temperature corrections to the transformation parameters. Based on previous studies (Stenger et al., 1995; Ma and Ren, 2004), the activation energy parameter Ea for specific reactions in the simulation process was calculated to be 57142.1 J mol-1 for the mineralization, 68576.3J mol-1 for the denitrification, and 41900J mol-1 for the characterization of the biological immobilization of nitrogen.




2.12 Model performance criteria

In this study, three statistical parameters were selected to evaluate the goodness of fit between the simulated and observed values in the field:

	(1) Root mean square error


[image: Equation for Root Mean Square Error (RMSE): RMSE equals the square root of the sum from i equals 1 to n of the squared difference between predicted values (P sub i) and observed values (O sub i), divided by n.]


	(2) Nash-Sutcliffe modeling efficiency


[image: The image shows the formula for the Nash-Sutcliffe Efficiency (NSE):   \[  NSE = 1 - \frac{\sum_{i=1}^{n}(O_i - P_i)^2}{\sum_{i=1}^{n}(O_i - \bar{O})^2}  \]  Equation number 14.]


	(3) Index of agreement (d)


[image: Formula for Nash-Sutcliffe efficiency (NSE): NSE equals one minus the ratio of the sum of the squares of observed minus predicted values to the sum of the squares of predicted minus observed means. Equation is displayed as equation fifteen.]




where Pi and Oiare the predicted and observed values, respectively, O is the mean of the observed values, and n is the number of data pairs. The RMSE has a minimum value of 0, with a better agreement close to 0. Modeling efficiency (NSE) ranges from −∞ to 1 (Nash and Sutcliffe, 1970). Index of Agreement (d) is a measure of the degree to which the predicted variation precisely estimates the observed variation (Willmott, 1981). When NSE = 1 or d = 1, it indicates a perfect simulation of results. Van Liew and Garbrecht (2003) and Zhang et al. (2019) had suggested that when NSE>0.36 and d>0.7,the model performed well.




2.13 Data analysis

All statistical analyses were performed with IBM SPSS 22.0 (IBM Corp., Armonk, NY, United States). All data were tested for normality before one-way analysis of variance, and Duncan’s multiple range test was run for mean comparisons at a significance level of p<0.05. The graphical presentation was being made using SigmaPlot v.13.





3 Results



3.1 Effects of planting sweet corn on soil–water storage and nitrogen balance

Table 3 shows the results for the changes in water storage in the 0–180 cm soil profile during the whole experiment. Due to the large water consumption during the growth period of sweet corn, the soil–water storages of N1RC and N2RC treatments reduced more than those of CKR, N1R, and N2R treatments. In 2019, the soil–water storages of the CKR, N1R, and N2R treatments increased by 74.9, 72.3, and 64.2 mm, respectively. Similar results were obtained in 2020 and 2021.

Table 3 | Water storage in the 0-180 cm soil profile under different treatments from 2019 to 2021 (mm).


[image: Table showing soil-water storage data over three years (2019–2021) for different treatments. Columns include initial (W_ini) and end (W_end) storage with change (ΔW). Treatments CKR, N1R, N2R show positive ΔW, while N1RC, N2RC show negative ΔW. Measurements are given with uncertainty ranges.]
During the summer rainy seasons, the nitrogen balance of the crop system in soil with a depth of approximately 180 cm during the whole experiment was analyzed (Table 4). The results show that intercropping sweet corn can significantly reduce the residual Nmin in the soil compared with the treatments without sweet corn, thus reducing the loss of nitrogen.

Table 4 | Nitrogen balance in the 0-180cm soil profile under different treatments from2019 to 2021 (kg N ha-1).


[image: Table detailing nitrogen treatment data for sweet corn from 2019 to 2021. Columns include Year, Treatments, \( N_{\text{min initial}} \), \( N_{\text{crop}} \), \( N_{\text{min end}} \), and \( N \) balance. Treatments include CKR, N1R, N2R, N1RC, and N2RC. Data includes values with standard deviations and annotations indicating significance levels, suggesting statistical differences. Definitions of terms are provided below the table, with a note on significance marked at \( P < 0.05 \).]
However, the amount of water drainage and nitrate leaching at a depth of 180 cm was not measured during the experiment periods. Therefore, the patterns of the upward and downward water movement and the transport of soil nitrate in deep soil could not be determined, and the total amount of water drainage and nitrate leaching during all the experimental periods also could not be quantitatively analyzed.




3.2 Simulation analysis of soil–water balance and nitrate leaching characteristics during the three-year experimental period



3.2.1 Model calibration and validation

The measured dataset of the 3-year experiments (soil–water content, nitrate concentration, and sweet corn N uptake) from the CKR, N1RC, and N2R treatments were applied to calibrate the model and were used to validate the model from the N1R and N2RC treatments. The model performance statistics RMSE, NSE, and d for water and NO3–N content at different depths for the calibration and validation dataset are summarized in Table 5. For the calibration dataset, RMSE values for water content ranged from 0.01 to 0.07 cm3 cm−3. NSE values ranged from -0.22 to 0.85, and d values ranged from 0.76 to 0.92. The RMSE of NO3–N concentration values in different soil depths ranged from 7.25to 12.41 mg kg−1. NSE values ranged from -0.36 to 0.50, and d values ranged from 0.59 to 0.79. For the validation dataset, the NSE values of validated treatments for soil water content were positive at 30–180 cm soil depths, ranging from 0.35 to 0.87. For soil NO3−-N concentration, the NSE values of validated treatments are positive in 60–180 cm deeper soil layer, ranging from 0.34 to 0.53. In addition, the d values for soil water content and NO3−-N concentration ranged from 0.72 to 0.95 and 0.44 to 0.80 under N1R and N2RC treatments, respectively. The RMSE values of the soil–water for validated treatments decreased from 0.06 cm3 cm-3 in the 0–30 cm soil profile to 0.01 cm3 cm-3 in the 100–180 cm soil profile, showing good agreement between simulated and measured soil water content (Hu et al., 2010; Sun et al., 2013). The RMSE values for nitrate concentrations ranged from 6.61 to 12.95 mg kg-1, which was also acceptable (Nangia et al., 2008; Guo et al., 2010; Sun et al., 2013). The results indicate that the model performed reasonably well in simulating soil–water content and nitrate concentration in the experiment area (Figures 3, 4).

Table 5 | Model performance statistics of predicted soil–water content and NO3−-N concentration at different depths for the calibration treatment (CKR, N1RC, and N2R) and validation treatments (N1R and N2RC).


[image: Table displaying water content and NO₃⁻-N concentration metrics across various soil depths for CKR, N1RC, N2R, N1R, and N2RC. Metrics include RMSE, NSE, and d, detailed for depths 0-30, 30-60, 60-100, 100-140, and 140-180 cm. Water content shows RMSE values from 0.03 to 0.07 and NO₃⁻-N concentration from 7.25 to 12.47. The table provides comparative efficiency and accuracy scores.]
[image: Line graphs show soil water content from July to September for years 2019, 2020, and 2021 across different soil depths (0-30 cm, 30-60 cm, 60-100 cm, 100-140 cm, and 140-180 cm) under two conditions labeled N1R and N2RC. Each graph tracks changes over time, highlighting variability in soil moisture content for each year and soil depth combination.]
Figure 3 | Comparison of simulated (solid lines) and measured (circles dot) volumetric water content (cm3 cm-3) at different depths for N1R and N2RC treatments in 2019, 2020, and 2021 (‘–’ the standard deviation of four replicates).

[image: Graphs display soil nitrate nitrogen concentration (mg/kg) at different depths over time for the years 2019, 2020, and 2021. Each row represents a year, with panels showing data for depths from 0-30 cm to 140-180 cm, labeled "N1R" and "N2RC." Data points are tracked across several dates from July to September.]
Figure 4 | Comparison of measured (circles dot) and simulated (solid lines) soil nitrate N concentration (mg kg-1) at different depths for N1R and N2RC treatments in 2019, 2020, and 2021 (‘–’ the standard deviation of four replicates).

A comparison of simulated and measured sweet corn N uptakes is shown in Figure 5. The correlation coefficient of crop N uptake was 0.81, which was at a significant level with P < 0.001. The simulated results showed that the HYDRUS-1D model performed reasonably well in predicting the water movement, nitrate transport, and sweet corn N uptake in this study.

[image: Scatter plot showing the relationship between simulated and observed nitrogen uptake in kilograms per hectare. The data points align closely along a line with the equation y equals 0.86x plus 20.06, with an R-squared value of 0.81. A 1:1 line is also shown for reference.]
Figure 5 | Comparison of simulated and observed sweet corn N uptake of calibration and validation.




3.2.2 Dynamic of soil–water drainage and nitrate leaching

The daily water drainage and nitrate leaching under five treatments during the three-year experiments are shown in Figure 6. A negative value represents water drainage and nitrate leaching below 100 and 180 cm, while a positive value represents the upward flux of water and nitrate in the soil at a depth of 100 cm. Large peak values for water drainage and nitrate leaching were always simulated after a heavy rainfall event. In 2019, 46 mm d-1 of rainfall was received on August 11th, which resulted in the largest peak in water drainage and nitrate leaching on August 16th for all treatments. On that day, the maximum daily water drainage rate was 1.6 mm and 4.4 mm for the treatments with and without catch crop, respectively, indicating that water uptake by sweet corn roots reduced the risk of water drainage. Nitrate leaching always occurs after a large amount of water drainage event. In addition, planting sweet corn can reduce the rate of nitrate leaching. For example, the largest daily amount of nitrate leaching after the rainfall process on August 17th under catch crop treatments at a 100 cm soil depth was 0.8 kg N ha-1, which was 150% lower than treatments without catch crop.

[image: Graphs depicting drainage and nitrogen leaching measured in millimeters per day and kilograms nitrogen per hectare per day from 2019 to 2021. There are six panels for each year labeled CKR, N1R, N1RC, N2R, and N2RC. The graphs show variations over time between July and September, correlating with rainfall indicated by bars at the top. Different line styles denote data from 100 centimeter and 180 centimeter depths.]
Figure 6 | Dynamic water drainage and N leaching below 100 cm and 180 cm soil depths for all treatments.

For the seasons of 2020 and 2021, heavy rainfall occurred at an early stage of sweet corn development. Therefore, the catch crop treatments did not effectively prevent water drainage and nitrate from leaching due to the shallow root system. For example, on July 18th, the largest daily amounts of nitrate leaching were 19.2 and 15.8 kg N ha-1, accounting for 75% and 82% of seasonal nitrate leaching for the treatments with and without sweet corn, respectively. Similar results were simulated on July 22nd, 2021.

Compared with the peak values at a soil depth of 100 cm, the water drainage and nitrate leaching curves at a 180 cm soil depth were relatively flat and had daily values of less than 3 mm and 2 kg N ha-1, respectively, with the exception of the largest peak values on July 18th, 2020.

During the three-year experiments, sweet corn generated an upward flux of water at a 100 cm soil depth from the middle to the end of the experiment, which could reduce the risk of nitrate leaching to some extent. However, the upward daily amount of water and nitrate were simulated to be relatively low and never exceeded 1.5 mm and 1.0 kg N ha-1, respectively.




3.2.3 Soil–water balance

The results for the water balance in the 0–100 and 0–180 cm soil profiles during the whole experiment are shown in Table 6. The main water consumption was evapotranspiration, and the mean values of the catch crop treatments for the three-year experiment were 224.4, 258.9, and 304.4 mm, accounting for approximately 89.6%, 106.8% and 127.9% of the total water input (rainfall), respectively. These values are higher than those of the treatments without sweet corn. As a result, the amount of water drainage at a 100 cm soil depth under catch crop treatments was significantly lower than that under the treatments without sweet corn despite some exceptions. Similar results were simulated at a 180 cm soil depth due to two reasons. First, the lower drainage at 100 cm soil depth might reduce the downward flux of water and significantly reduce water drainage at deeper soil. Second, the water drainage mainly occurred from the 0–100 cm range within the 0–180 cm soil depth. Planting sweet corn did not cause fundamental changes to the overall trend of soil–water movement below the root zone, but it might have reduced the downward flux of water and reduced the amount of water drainage (Figure 6).

Table 6 | Water balance in the 100 cm and 180 cm soil profiles under different treatments.


[image: A table presenting data on various treatments for the years 2019 to 2021, including rainfall (R), soil evaporation (E), crop transpiration (T), water drainage at different soil depths (D100, D180), and soil-water storage change (ΔW100, ΔW180). The columns list these metrics broken down by year and treatment type, with statistical significance noted by different letters.]
The soil–water storage of the catch crop treatments for the three-year experiment in a 100 cm depth soil profile negatively changed, indicating that the crop requirement exceeded the rainfall amount. For the treatments without sweet corn, the soil–water storage positively changed. Similar results were obtained for the soil profile with a 180 cm depth.




3.2.4 Nitrate leaching

Nitrate leaching in the 0–100 cm and 0–180 cm soil profiles is shown in Table 7. In 2019, during the experiment, the amount of the initial accumulated nitrate in the 100 cm soil profile under the N2R treatment was the highest, reaching 1153.9 kg ha-1, the amount and the percentage of N leaching were 93.5 kg ha-1 and 8.1%, which was significantly higher than that of the CKR and N1R treatment, respectively. Therefore, a larger amount of the initial accumulated nitrate in the soil profile results in a higher leaching percentage. Under conditions of a similar initial accumulated amount of nitrate in the 0-100 cm soil profile, the accumulative amount of nitrate leaching for the N2RC and N1RC treatments decreased to 24.5kg ha-1 and 20.9 kg ha-1, the percentage of N leaching also decreased to 2.3% and 2.5%, respectively, which was significantly lower than that of the N2R and N1R treatments. Similar results were obtained in 2020 and 2021. Under the N2RC and N1RC treatments, the amount of nitrate leaching ranged from 26.7 to 34.1kg ha-1 and 18.4 to 22.1 kg ha-1, accounting for approximately 2.8–4.0% and 2.7-2.9% of the initial accumulative amount of soil nitrate, which remained significantly lower than that of the N2R and N1R treatment, respectively. In the 0-180 cm soil profile, the amount and the percentage of N leaching under catch crop treatments was also significantly lower than those under the treatments without catch crop during the three-year experiment. The results showed that planting sweet corn decelerated the nitrate leaching down the soil profile.

Table 7 | Nitrate leaching in the soil profile under different treatments (kg N ha-1).


[image: Table showing nitrate content in soil profiles from 2019 to 2021 under different treatments. It presents values for initial nitrate (N_ini), nitrate leaching (N_lea), and their ratio (N_lea/N_ini) for 0-100 cm and 0-180 cm soil profiles. Values are provided with standard deviation, and different treatments show varying nitrate levels across years. Statistical significance is noted for values with different letters at P < 0.05.]



3.2.5 Scenario simulation analysis on prevention of soil nitrate leaching with catch crop under heavy rainfall conditions

After examining historical meteorological data (1981–2018), we found that although the total rainfall from 2019 to 2021 was similar to the historical average value (238 mm) for the same period, the highest daily maximum rainfall (68 mm) during 2019 to 2021 was less than the historical daily maximum (80–157 mm). In order to simulate the effects of heavy rainfall in the summer season on soil–water drainage and nitrate leaching in soil with and without sweet corn, two scenarios were simulated by changing the top boundary conditions in the model (daily rainfall R1:80 mm and R2:150 mm) using the test data collected in 2021. The total rainfall in the simulation consisted of natural rainfall and heavy rainfall. Simulated heavy rainfall was set to occur on August 22nd. As shown in Figure 7, the dynamics of soil–water drainage and nitrate leaching indicate that the heavy rainfall resulted in a large amount of water drainage at a 100 cm soil depth for all treatments. In addition, the peaks of daily nitrate leaching under the N1R and N2R treatments increased from 9.5 and 8.6 kg N ha-1 to 17.5 and 11.9 kg N ha-1, respectively, indicating that a larger amount of the initially accumulated nitrate in soil profile caused a higher percentage of nitrate leaching to deeper depth when the rainfall intensity increased. Compared with the treatments without sweet corn, intercropping sweet corn decreased the amount of daily nitrate leaching peaks by 46.1% in the R1 scenario. However, in the R2 scenario, water drainage of the catch crop treatments was similar to that of the treatments without sweet corn, which increased the peaks of maximum daily nitrate leaching to 9.6 kg N ha-1. Under the R2 scenario, the catch crop treatments reduced the amount of nitrate leaching by 28.9% at a 180 cm soil depth compared with those at the 100 cm depth. This result showed that as daily rainfall intensity increased, the ability of sweet corn to restrict nitrate leaching at the sub-root zone also decreased.

[image: A grid of eight line graphs depicts drainage and nitrogen leaching at depths of 100 and 180 centimeters, alongside rainfall data from July 14 to September 8 for two scenarios: R1 with 80 millimeters per day and R2 with 150 millimeters per day across four test setups: N1R, N1RC, N2R, and N2RC. Black and dashed lines represent drainage, dotted lines indicate nitrogen leaching, and gray bars depict rainfall. The drainage and leaching values are plotted on the left y-axis, while rainfall is measured on the right y-axis. Peaks and variations in data are visible across different dates.]
Figure 7 | Dynamics of water drainage and N leaching below 100 cm and 180cm soil depths for all treatments under heavy rainfall scenarios.






4 Discussion

During the years of fruit production in the greenhouse, farmers usually engage in high N fertilization practices for the management of sweet cherries to ensure high yields of the marketable products, which leads to excessive accumulation of mineral N in the soil profile. Our study confirmed that mineral N in the sweet cherry greenhouse soil profile was mainly in the form of nitrate, which is consistent with the results in Northern and Central China (Ju et al., 2004; Guo et al., 2010). The average residual nitrate amounts of the N1R and N2R treatments in the 0-180 cm soil profile after sweet cherry was harvested in 2019, 2020, and 2021 were 1254.9, 1159.0, and 1051.3 kg N ha-1, respectively. These results are similar to the results in some studies in Northern China, where the residual NO3–N in 2 m soil profiles was greater than 1000 kg ha-1 in the greenhouse orchard (Gao et al., 2021; Zhu et al., 2023). During the summer rainy period, when sunlight greenhouses have open roofs, residual nitrate leaching causes severe environmental problems, such as groundwater nitrate pollution. The rational application of nitrogen fertilizer is undoubtedly a fundamental requirement to control the amount of nitrate leaching (Zhao et al., 2022; Ahmed et al., 2022), while another efficient method is planting catch crops in the period when the plastic film covering the sunlight greenhouses was removed (Fan et al., 2021). In this study, under conditions of similar initial accumulated amounts of NO3–N in the soil profile, the amount of nitrate leaching in the treatments without sweet corn was 16.1–281.6% higher than that in the catch crop treatment in the 0-100 cm soil profile. Catch crops reduced the potential for NO3–N leaching by taking up soil active N during soil–water recharge, absorbing and transpiring water, and reducing water drainage (Li et al., 2021; Diana et al., 2022). In this study, the amount of N taken up by sweet corn was 142.9–189.0 kg ha-1, which was comparable to the value of 154–187 kg N ha-1 in Beijing, as reported by Guo et al. (2018). Compared with the treatments without sweet corn, sweet corn cropping reduced N leaching by 21.2–96.2 kg N ha-1 in the 180 cm deep soil zone was achieved, which was lower than the results reported by Guo et al. (2008) and Zhang et al. (2019) in Northern China. This phenomenon could be attributed to soil organic N mineralization, which was not considered an N input factor in our study and might partly be responsible for the differences above.

Because the transpiration intensity of sweet corn changes with meteorological factors, this raises the question of whether the amount of nitrate leaching was much different during the three-year experiments. However, one of the limitations of this study was that the depth of the sweet corn root was set at 110 cm for all simulations, which could affect the amount of water drainage and nitrate leaching in different years. The amounts of nitrate leaching under catch crop treatment in the 0–100cm soil profile in 2019, 2020 and 2021 were 20.9–24.5, 22.1–34.1 and 18.4–26.7 kg N ha-1, with the leaching percentages of 2.3-2.5%, 2.9-4.0% and 2.7-2.8%, respectively. The results show that due to the occurrence of fewer extreme climatic events, such as heavy rainfall and drought, during the experiment period, the amount of nitrate leaching in the 0–100 cm soil profile under catch crop treatment had no large differences under similar meteorological conditions. The amount of nitrate leaching depends on the integrated influences of rainfall (or irrigation) and nitrate concentration in the soil profile (Tafteh and Sepaskhah, 2012; Su et al., 2022). The larger the amount of the initial accumulated NO3–N and water drainage in the soil profile, the higher the percentage of N leaching (Zhu et al., 2022; Wang et al., 2024). In contrast, the amount of nitrate leaching will be decreased if one factor is restricted (Liu et al., 2019b). Though the amounts of evapotranspiration under sweet corn treatment in 2020 and 2021 were higher than that in 2019 (i.e., with increases in 34.6 mm and 80.0mm, respectively), the differences in water drainage and nitrate leaching amount out of the 100cm soil profile were insignificant. Similar results were presented by Wang et al. (2014) and Chilundo et al. (2018), who pointed out that water drainage and nitrate leaching mainly occurred during heavy rainfall events and were less affected by the water consumption of maize. The results were in agreement with our heavy rainfall scenario simulations.

Because of the experiment design and data deficiency, the dataset used for the calibration and validation model was obtained under the same meteorological conditions and soil environment, which are not completely independent. However, some studies have also calibrated and validated the model using data obtained from different treatments in the same years and the same soil environment or same treatments in different years (Wang et al., 2010; Hu et al., 2010; Sun et al., 2013). Azad et al. (2023) and Thao et al. (2024) suggested that the dataset for calibration and validation of the water and nitrogen management model should be conducted for different climates and soil environments. Otherwise, it will limit the extrapolation of the performance of the model in other pedoclimatic and field circumstances. Therefore, the experiment design of this study, model calibration, and validation procedures need to be further investigated in various field environments.




5 Conclusion

Founded on the data of a three-year experiment in Changyi, Shandong Province, this study has calibrated and validated the HYDRUS-1D model. The results have showed that the simulated soil water content, NO3−-N concentration and crop uptake of N matched well with the measured data. The HYDRUS-1D model could be a useful tool for simulating and evaluating the effects of catch crops on deep soil water drainage and nitrate leaching in a sweet cherry greenhouse soil during the summer open roof period.

Sweet corns as summer catch crop could absorb the residual N in the soil, decrease the soil water deep drainage and prevent nitrate leaching during rainy summer season. Compared with CKR, intercropping sweet corn significantly decreased the amount of water drainage by 16.4%-47.7% due to evapotranspiration. However, through simulations it displayed that the reduction range lowered with the increase in rainfall intensity. Intercropping sweet corn also helped to reduce the amount of nitrate leaching by 29.6%-69.1% compared with CKR. The nitrate was mainly accumulated in the 0-100cm soil profile after sweet cherry was harvested. Sweet corn with deep root would be more effective in reducing N leaching. It’s concluded that intercropping sweet corn was capable of reducing the risk of nitrate leaching in intensive sweet cherry greenhouse with open roof in the North China Plain.
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Introduction

Actinidia is highly susceptible to water stress, both excess and shortage, and is therefore a model fruit crop for irrigation management, requiring precise water application. The present study was carried out in a mature kiwifruit orchard in southern Italy to investigate the physiology of a yellow-fleshed kiwifruit cultivar under non-limiting soil water conditions and in response to a progressive decrease in soil water content in a Mediterranean environment, with the aim of defining soil moisture thresholds to guide irrigation management.





Methods

The progressive lowering in soil moisture was monitored using multi-profile probes, taking into account a 60 cm layer. Plant water status and physiological parameters were measured throughout the experiment and were significantly correlated with soil water status, suggesting that the level of soil water deficit affects plant physiological performance.





Results

Reference minimum values of stem water potential reached during the day under non-limiting soil water conditions ranged from -0.4 to -0.7 MPa, with a value of -0.8 MPa identifying the threshold below which stomatal conductance began to decrease significantly. Soil moisture thresholds were defined according to the spatio-temporal dynamics of available water (AW) reduction, which decreased by approx. 10% and 1% before the onset of water stress and 16% and 2% at the onset of water stress, considered in the 0-30 cm and 30-60 cm soil layers, respectively, compared to the AW content of the whole soil profile.





Discussion

Results confirmed that root uptake was mainly concentrated in the first 30 cm of soil depth, which should be properly managed by irrigation, as reduced soil water availability could easily lead to plant water stress. An integrated approach, combining plant measurements and soil water content monitoring, together with an assessment of root water uptake dynamics, is essential to identify soil water thresholds and develop precision irrigation, especially for high water-demanding crops and environments.





Keywords: readily available water (RAW), plant water status, leaf gas exchange, water deficit, precision irrigation management




1 Introduction

Mediterranean environments are characterized by increasingly high temperatures, light intensities and vapor pressure deficit, combined with low precipitations, especially during the summer period. This affects the physiological behavior of plants and requires a consistent use of water for irrigation, the availability of which is severely compromised (Xiloyannis et al., 2012). The variability of climatic parameters induced by climate change affects several aspects of plants, altering phenological stages and modifying physiological processes, yield and qualitative traits (Medda et al., 2022).

In recent years, economic and market pressures have led to major investments in kiwifruit production, with more than 26,000 hectares under cultivation in Italy. Kiwifruit, which originated in China, has grown in habitats characterized by relatively high humidity, abundant rainfall and a moderate light intensity (Ferguson, 1984). Despite the climatic conditions in which kiwifruit grows, the commercial importance of this crop has encouraged its cultivation and spread in the semi-arid Mediterranean area. The most commercially important and widespread kiwifruit belongs to the genus Actinidia, in particular the green-fleshed variety (A. chinensis var. deliciosa), which prefers cold climates and higher altitudes (from western China), is gradually being replaced by the yellow-fleshed variety (A. chinensis var. chinensis), which is better adapted to warm climates (from eastern or southern China) (Ferguson, 2013; Bardi, 2020).

Kiwifruit has evolved large leaves (wide transpiring surface) and conducting xylem vessels as an adaptation to environments with high soil water availability (Dichio et al., 2013), showing a very low resistance to water movement within the vine and a high transpiration rate (McAneney and Judd, 1983; Chartzoulakis et al., 1993). Numerous tiny fibrous (feeder) roots developing from thicker structural and secondary roots constitute the kiwifruit root system, with high root density and intense development in the upper soil layers, which decrease with increasing soil depth (Gandar and Hughes, 1988).

Due to its anatomical features, kiwifruit is widely recognized as a water-consuming plant with high water requirements (Chartzoulakis et al., 1993; Torres-Ruiz et al., 2016), but at the same time extremely sensitive to water stress, either as water excess (Savian et al., 2020; Sofo et al., 2024) or shortage (Montanaro et al., 2007; Dichio et al., 2013). Water requirement is influenced by environmental and soil characteristics as well as by plant morphology and physiology (Holzapfel et al., 2000). Optimal water application levels in kiwifruit orchards allow for normal transpiration, photosynthetic activity and overall physiological functioning of the plant. Due to the high sensitivity of kiwifruit to different levels of water application, special attention should be paid to irrigation management to ensure water distribution in the right amount, at the right time and in the right place in order to improve the physiological performance of kiwifruit vines and to develop new and more efficient precision irrigation strategies for this crop. On the one hand, optimized irrigation management and proper scheduling of the amount and timing of water supply can be achieved by evaluating plant water status (Virnodkar et al., 2020). Plant water status represents a sensitive indicator of water stress, measuring the plant response to the combined effects of soil moisture availability, environmental evaporative demand, hydraulic resistances and root uptake capacity (Ihuoma and Madramootoo, 2017). Predawn and midday water potentials have been the most commonly used indicators of plant water status and stress for irrigation scheduling in fruit orchards (Naor and Cohen, 2003). On the other hand, soil water content monitoring has recently become a key factor in irrigation optimization, as it provides important information for better estimation of crop water demands (Karandish and Šimůnek, 2016), and sensor-based soil moisture measurements seem to effectively improve irrigation water application (El-Naggar et al., 2020). Changes in soil water content in the root zone, which reflect the combined history of root water uptake and recent wetting by irrigation, can be effectively monitored using soil moisture probes (Clothier and Green, 1994). Plants take up soil water in the root zone, gradually depleting the available water to meet the evapotranspiration needs (Ihuoma and Madramootoo, 2017), which are considered to be unreduced as long as the readily available water (RAW) is used by plants (Ferreira et al., 2017). Therefore, efficient irrigation management also depends on knowing the spatial and temporal distribution of root water uptake, as well as predicting changes in soil water status in the root zone after irrigation (Koumanov et al., 2006), which can be easily detected by soil moisture probes. Consideration of the soil volume explored by the root system is a key issue in defining the most effective irrigation strategy (McAneney and Judd, 1983), as the distribution of fine roots affects the potential water uptake activity, so it might be expected that the pattern of uptake would be similar to the distribution of fine roots under non-limiting water conditions (Green and Clothier, 1995). The hyperactivity of the near-surface roots is revealed by the rapidly changing trends in soil water content monitored in the first layers, approximately 0-20 cm (Green et al., 2006). An initial good correspondence between water uptake and root density was found under well-watered conditions in the rootzone, while as water stress developed, the deeper layers, where water was more freely available, began to contribute an increasing fraction of total water uptake, despite their lower root density (Green and Clothier, 1995). While there are some investigations on kiwifruit root morphology and distribution (Greaves, 1985; Gandar and Hughes, 1988; d'Andria et al., 1991), more information is needed to improve knowledge of the spatial and temporal distribution of root water uptake, especially under different localized irrigation application strategies. Soil water content thresholds, defined as the lower or upper limits of soil water content for irrigation, are important to provide the most suitable soil water environment for optimal kiwi performance (He et al., 2023) and should take into account water uptake dynamics.

Soil water observations combined with plant measurements and responses are essential for implementing suitable and more accurate irrigation scheduling methods (Intrigliolo and Castel, 2004), requiring early detection of water stress (Green et al., 2015).

Conflicting opinions have been reported on stomata control and the ability of kiwifruit to reduce water loss under water restriction. Stomatal regulation, which is involved in the control of water loss and plant water potential during water stress, differs among species but also between cultivars due to adaptive responses that have evolved to limit severe drops in potentials (Álvarez-Maldini et al., 2022), leading to the distinction between isohydric and anisohydric behavior. Gucci et al. (1996) found that stomata were highly sensitive to changes in soil water content, effectively regulating transpiration processes in Hayward kiwifruit. In contrast, other research has shown that leaves were unable to regulate stomatal conductance with increasing soil water deficit, continuing to lose water (Judd et al., 1989). It is still unclear whether and how drought affects the physiological responses and stomatal behavior of kiwifruit at the field scale. As soil water potential decreases, leaf stomata influence gas exchange dynamics and the feedback mechanism between plant water potential and stomatal conductance is crop-specific and varies among species (Jamshidi et al., 2020). While most studies on water relations and plant physiological processes have been carried out on the well-known green cultivar 'Hayward', less is known about the yellow cultivars and associated crop management protocols (Mills et al., 2009). Mills et al. (2009) reported better stomatal control under water stress in yellow kiwifruit compared to the green cultivar, while Black et al. (2012) found reductions in ψleaf without significant reductions in stomatal conductance, noting that the observed reductions in ψleaf were insufficient to induce a stomatal response. Previous studies have found that the anisohydric or isohydric behavior of cultivars also depends on soil hydraulic conductivity and water content (Tramontini et al., 2014), suggesting a great influence of the environment and a plant-environment interaction rather than an intrinsic property of the plant behind the discriminated behavior (Hochberg et al., 2018). The combination of soil water status, which shows a direct relationship with the amount of irrigation water applied (Holzapfel et al., 2000), with plant physiological responses could effectively help to modulate and manage the water content in the soil profile to ensure improved plant functioning. Therefore, the main objectives of this study were: (1) to further characterize the physiology of yellow-fleshed kiwifruit under non-limiting soil water availability in a typical Mediterranean environment; (2) to evaluate the effects of progressive soil water depletion on the behavior of yellow-fleshed kiwifruit in order to identify RAW thresholds for precision irrigation that ensure optimal plant physiological performance, and levels below which plant water status and physiological parameters are significantly affected; (3) to investigate the spatial pattern of root water uptake, considering the dynamics of available water (AW) depletion, to develop and match precision irrigation strategies to the pattern of plant water extraction from the soil profile.




2 Materials and methods



2.1 Experimental site and plant material

The experimental trial was carried out during the 2022 growing season over a 4-week period from 23 August to 19 September (DOE=days of the experiment) in a 9-year-old mature commercial kiwifruit (Actinidia chinensis var. chinensis, cv. Zesy002) orchard in Metaponto, southern Italy (latitude 40°24'N, longitude 16°46'E). The yellow-fleshed cultivar was grafted onto D1 rootstock (A. chinensis var. deliciosa), cultivated at 5 m x 2 m spacing and trained as a pergola system. The soil profile consisted of a uniform sandy clay loam texture (58% sand, 14% silt and 28% clay).

Irrigation was provided by micro-sprinklers, using a single emitter per vine spaced 1 m from the trunk, at a flow rate of 40 L h-1 and with a wetted radius of 0.9 m. Soil volume wetted by irrigation, expressed as total volume per hectare (m3 ha-1), was assumed as a cylinder and calculated considering the sprinkler wetting radius, the depth of the wetting pattern (0.6 m) and the number of emitters per hectare. All vines were grown under optimal water availability conditions during the season until the beginning of the experimental trial. Daily vine water requirement was estimated through the compilation of the water balance, taking into account environmental data and crop coefficient (Kc) reported in the FAO Irrigation and Drainage paper Nr. 66 (Steduto et al., 2012). The scheduled irrigation volume was adjusted throughout the season through the soil water balance, operating feedback adjustment mechanisms based on the monitoring of the water content in the soil volume wetted by irrigation by soil moisture probes, in order to maintain the soil moisture level close to or slightly below the field capacity (FC) (Vera et al., 2019; Mininni et al., 2022). Thus, irrigation drainage in this study was considered negligible. The experimental irrigation-managed plot, consisting of 63 vines, was equipped with digital flow meters and an automatic irrigation controller for remote control of water supply ("Irrifarm" system, Pan. Agri s.r.l., Basilicata, South Italy). Daily irrigation volumes ranged from 30 to 60 m3 ha-1 during the season.

From 23 August on, 12 vines within the experimental plot and distributed along a row, underwent restricted irrigation (WS) with irrigation volumes reduced by 30% and ceased, adjusted taking into account rainfall contribution, to allow the soil to achieve a progressive available water content (AW) depletion. The soil about the control vines (C) received optimal irrigation, ensuring a soil water content level close to or slightly below the FC, so that it remained well-watered throughout the experiment. Half of the water-stressed vines were re-irrigated after 15 days (RI) following the irrigation strategy kept for the control vines, restoring the available water content in the soil profile, while the remaining half of the vines continued to be subjected to restricted irrigation for other 5 days (WS), subsequently entering the recovery phase (RII).




2.2 Meteorological data and soil water status monitoring

A meteorological station was installed nearby the experimental orchard block and mounted above the kiwifruit canopy, outside the hail net protection. The sensors recorded hourly averages of wind speed, air temperature, relative humidity, evapotranspiration and daily rainfall. Hourly air vapor pressure deficit (VPD) was computed using air temperature and relative humidity.

Frequency Domain Reflectometry (FDR) 90 cm multi-profile soil moisture probes (Drill & Drop, Sentek Sensor Technologies Stepney, Australia) were used to continuously monitor the volumetric soil water content in 10 cm increments throughout the soil vertical profile, allowing the remote detection of instantaneous oscillations and trends in each soil layer. A soil layer of 0-60 cm was considered useful for irrigation scheduling in kiwifruit (Xiloyannis et al., 2023). Sensors were installed on the row at a distance of 0.5 m from the vine stem and approximately in the center of the volume of wet soil. Measured values of soil moisture were stored in 15-min-intervals using a data logger (Model CR1000, Campbell Scientific, USA), hourly means were considered for analyses.




2.3 AW depletion and spatial pattern of root-water uptake

The soil physico-hydrological properties were evaluated through the soil-water retention curve obtained with the Richards' pressure plates apparatus (Richards, 1948) to define the soil-water relation and, in particular, the quantity of water held at different values ​​of soil matric potential, and therefore the FC, the wilting point (WP) and the AW in the whole profile (0-60 cm) (Table 1).

Table 1 | Soil physico-hydrological characteristics and available water contents in the soil profile (0-60 cm) and in different soil layers (0-20, 20-40, 40-60 cm).


[image: Table displaying soil properties and values: Soil volume wetted by irrigation is one thousand five hundred twenty-six cubic meters per hectare. Bulk density is one point three nine kilograms per cubic decimeter. Field capacity is zero point three nine cubic centimeters per cubic centimeter. Wilting point is zero point one eight cubic centimeters per cubic centimeter. Available water for depths of zero to sixty centimeters, zero to twenty centimeters, twenty to forty centimeters, and forty to sixty centimeters are three hundred twenty point three, one hundred six point seven seven, one hundred six point seven seven, and one hundred six point seven seven cubic meters per hectare, respectively.]
The available water (AW, m3 ha-1) that can be contained in each layer, and thus in the whole 0-60 cm soil profile considered in the present study, was calculated taking into account soil water retention characteristics derived from the soil-water retention curve (FC and WP values, Table 1) and soil volume of each 10 cm layer wetted by irrigation calculated on a per hectare basis, which is influenced by the irrigation system and the wetted radius. The volumetric soil water content values recorded by the soil moisture probes in 10 cm increments were used to estimate the actual available water (AWact, m3 ha-1) contained in each soil layer and in the whole 0-60 cm profile on a per hectare basis. The depletion of AW (AWdepletion, %) was calculated using the following equation:

[image: Formula for available water depletion percentage: \( \text{AW}_{\text{depletion}} (\%) = \frac{\text{AW} - \text{AW}_{\text{act}}}{\text{AW}} \times 100 \).]	

where AW is the potential available water contained in each soil layer (10 cm increments) or in the whole profile (0-60 cm) and AWact is the actual value of the available water calculated for each day of the experiment.

FDR technologies, which allowed for routine measurements and detection of temporal changes in the soil water content over time, were used to deduce the spatial pattern of water uptake by the roots in the soil profile. In Mediterranean environments, the volume of soil not wetted by irrigation tends to dry out during the warmer months, so it is not affected by root water uptake (Green and Clothier, 1995). Drainage of water in the deeper layer was nullified by the precise irrigation management, which was based on the continuous monitoring of soil water content and the distribution of daily irrigation volumes in two/three events per day, thus it was considered negligible in the present study. Soil evaporation plus understorey transpiration were minimized due to localized micro-irrigation, high vine cover and absence of cover crops, making irrigation requirements almost dominated by vine transpiration (Goodwin et al., 2004; Goodwin et al., 2015). Therefore, they were assumed to be not relevant for irrigation management purposes in the present study.




2.4 Plant water status and leaf gas exchange

Diurnal courses of physiological stress indicators were measured to investigate plant-water relations by analyzing their trends influenced by changing soil water status conditions, both for stressed and well-watered vines, and considering the peculiar physiological and anatomical traits of kiwifruit vines. Physiological measurements were performed during the increasing soil water deficit conditions (WS vines) and the subsequent recovery phases (RI and RII vines) compared to C vines.

Plant water status and stress level were monitored through the stem water potential (ψstem, MPa) on six fully developed, expanded and not exposed to sunlight leaves chosen from the middle part of the canopy of three plants per treatment. The selected leaves were wrapped in a tin foil for about half an hour and then excised for immediate measurement with a Scholander pressure chamber (Model 1000, PMS Instrument Company, Corvallis, OR, USA) pressurized with nitrogen according to the procedure recommended by Begg and Turner (1970). The ψstem daily trends were monitored on seven days of the experiment at two-hourly intervals throughout the day, from 5:30 (pre-dawn values) to 16:30 (afternoon values) hours (European daylight savings time, DST), in order to understand the synchronization of ψstem diurnal pattern with soil volumetric water content and VPD environmental conditions. Stomatal conductance (gsw, mol m-2 s-1), transpiration (E, mmol m-2 s-1) and leaf temperatures (Tleaf, °C) were similarly monitored during the same days with a portable handheld LI-600 porometer system integrated with a fluorometer (LI-COR Biosciences, Lincoln, USA). Values obtained were averages of nine measurements taken on mature and sun-exposed leaves, near the top of the canopy, with no visual symptoms of biotic or abiotic stress, from three vines per treatment. During the other days (five) of trial observation, measurements of ψstem, gsw, E and Tleaf were conducted at midday (between 12:30 and 14:30 hours) on sunny days. Leaf to air temperature differences (ΔT (°C) = Tleaf - Tair) were calculated. Measurements of ψstem, gsw and E were carried out at 1, 2, 5, 7, 12 and 2, 7 days after re-watering for the first and second recovery phases (RI and RII) compared to C. Measurements of photosynthesis (A, µmol m-2 s-1) were carried out on six fully expanded, developed and sun-exposed leaves from three vines during the drought (diurnal trends for four days) and re-watering (midday values for two days) cycles with an open gas exchange system unit (ADC LCA-4, Analytical Development Co., Hoddesdon, UK).




2.5 Statistical analysis

All statistical analyses were performed using RStudio statistical software (4.2.2 version, Posit Software, PBC, Boston, MA) and results were plotted with SigmaPlot 15.0 (Systat Software Inc., San Jose, CA, USA). Data were reported as mean value and standard error of the mean (± SE). The data were subjected to an analysis of variance (one-way ANOVA) to examine the differences between irrigation treatments at each sampling time (p value<0.05 was considered significant) after testing for normality distribution of residuals (Shapiro-Wilk test) and homogeneity of variances (Levene's test). Dunnett's test was used for mean comparison of WS and RI against the control. To investigate the relationships between physiological indicators (ψstem, gsw, A) and soil water status (SWC), polynomial regression models were fitted to averaged data from each irrigation treatment.





3 Results



3.1 Environmental conditions and progressive soil water depletion

The experimental trial coincided with a period characterized by a quite high evaporative demand. The weather was generally sunny and dry with the exception of a few days when rainfall occurred. 19 days out of the 28 days had maximum air temperatures that exceeded 30°C (Figure 1), while the minimum air temperatures varied between 9 and 24°C during the experimental trial. VPD was quite variable throughout the experimental days, reaching maximum hourly values equal to 3.65 kPa at DOE 3. Daily ET0 ranged between 3.5 and 6.0 mm. Daily net solar radiation reached a maximum value of 24.2 MJ m-2 (DOE 3) and ranged between 16.2 and 24.2 MJ m-2 during the experimental trial. Irradiance, air temperature and humidity were typical of Mediterranean late summer conditions.

[image: Line graph depicting ET₀ (mm/hour), VPD (kPa), and Tₘₐₓ (°C) over time. The x-axis shows days (DOE) from late August to mid-September. ET₀ is orange, VPD is purple, and Tₘₐₓ is marked by blue diamonds. Both ET₀ and VPD show cyclic patterns, while Tₘₐₓ remains relatively stable around 30-40°C.]
Figure 1 | Hourly reference evapotranspiration (ET0), hourly vapor pressure deficit (VPD) and daily maximum air temperatures (Tmax) during the days of the experiment (DOE) carried out in the 2022 season.

Soil water content gradually decreased in the field area subjected to water restriction and trends of AW depletion in different soil layers and in the whole soil profile are shown in Figure 2A. In particular, AW was reduced by approx. 61%, 19% and 14% in the 0-20, 20-40 and 40-60cm soil layers, respectively, at the end of the first phase of restricted irrigation (DOE 15) before the stress was relieved by re-watering vines entering the RI recovery phase. An AW depletion of approx. 69%, 21% and 19% computed in the 0-20, 20-40 and 40-60 cm soil layers, respectively, was achieved at the maximum level of stress (DOE 20) before the stress was relieved by re-watering vines entering the RII recovery phase (Figure 2A). In C vines soil water content was on average maintained close to or slightly below the FC. As water stress increased and in response to progressive soil water depletion, ψstem of WS vines became more negative, reaching pre-dawn values (ψpredawn) of -0.5 and -1.0 MPa, and midday values (ψmidday) of -1.4 and -1.8 MPa, respectively at the end of the first and the second phase of restricted irrigation, when about 31% and 36.5% of AW in the whole soil profile (0-60 cm) was depleted (Figures 2A, B). C vines maintained ψstem values indicative of an optimal plant water status, ranging from -0.1/-0.2 MPa at pre-dawn to -0.4/-0.7 MPa at midday throughout the days of the experiment of restricted irrigation (Figure 2B).

[image: Chart A shows available water (AW) depletion percentages for soil depths of 0-20 cm, 20-40 cm, 40-60 cm, and 0-60 cm over 21 days. A bar graph indicates rainfall in millimeters. Chart B displays water potential (ψ) measurements in megapascal (MPa) for control and water-stressed conditions, with separate lines for midday and predawn readings.]
Figure 2 | Daily rainfall and available water (AW) depletion averaged in the 0-20, 20-40, 40-60 cm layers and in the 0-60 cm soil profile (A), daily midday and pre-dawn stem water potential measured in control (C) and water stressed (WS) vines (B) during the days of the experiment (DOE) of restricted irrigation.




3.2 Plant water status and leaf gas exchange

Under non-limiting soil water conditions, ψstem and ΔT observations correlated with midday VPD more tightly than E, whereas the relation between gsw and VPD was not significant (Figure 3). Relationships between physiological indicators and air VPD indicated that, under non-limiting soil water conditions, vines did not implement any stomatal regulation with the daily increase in environmental evaporative demand (i.e. VPD) preferring to transpire, losing water derived from root uptake, and slightly lowered the plant water potentials.

[image: Four scatter plots illustrate relationships between VPD (kPa) and various factors. Plot A shows a negative correlation with midday water potential (\(R^2 = 0.54\)). Plot B displays a positive correlation with transpiration rate (\(R^2 = 0.34\)). Plot C shows a slight positive trend with stomatal conductance. Plot D indicates a strong negative correlation with temperature difference (\(R^2 = 0.77\)). Each plot includes a line of best fit.]
Figure 3 | Variations of midday stem water potential (ψmidday) (A), transpiration (E). (B), stomatal conductance (gsw) (C) and midday leaf to air temperature differences (ΔT) (D) to air vapor pressure deficit (VPD) under non-limiting soil water availability (well-irrigated kiwifruit vines). Symbols are means of measured data (ψstem, n=6; E, gsw and Tleaf, n=9).

ψstem of C vines showed daily trends reflecting daily VPD conditions, reaching minimum values during the hottest hours (e.g., around midday), but remaining in an optimal range when soil water availability was not limiting (Figure 4), allowing the plant's physiological activities not to be compromised. Vines under limited soil water availability conditions showed a fast drop in ψstem at midday and a gradual incapacity to recover plant water status in the afternoon hours, as highlighted on DOE 15 (Figure 4A), affecting the ability to recover during the nighttime hours, as shown by the progressive lowering of the ψpredawn values (Figures 2B, 4). Stomatal conductance remained relatively constant between 0.16 and 0.20 mol m-2 s-1, throughout the day and between different days in C vines (Figure 4), supporting the results from Figure 3. Stomatal conductance of WS vines was higher early in the morning, especially during the first phase of restricted irrigation (Figures 4A, B) when ψstem was not yet the seriously limiting factor, then gradually decreased and remained low throughout the day, reduced by approx. 55-75% compared with C vines during the days of experiment of significant stress (Figures 4C, D), reaching values relatively constant between 0.05 and 0.08 mol m-2 s-1, probably due to the implementation of an adaptive strategy involving stomatal control as water is depleted in the root zone. However, stomatal closure, occurring in the WS vines after the early morning hours, did not prevent ψstem from a further drop in the afternoon hours (Figures 4A, B). Conversely to gsw, E measured in kiwifruit vines under non-limiting soil water conditions was affected by VPD, increasing when environmental conditions became more water-demanding (Figure 3B). Transpiration rate in C vines was low in the early morning due to lower light intensity and air VPD. With increasing light intensity and temperature, E rose reaching higher values at midday and then gradually decreased (Figure 4). In WS vines, E generally remained at very low values throughout the day, reflecting the same daily trend as in C vines. In particular, E of WS vines measured at early morning were similar to those of C vines in the first phase of restricted irrigation, also aided by low environmental demand, while they significantly differed during hours of higher evaporative demand (Figures 4A, B). Instead, E of WS vines differed since early morning from that of C vines in the second phase of restricted irrigation (Figures 4C, D), achieving a reduction of approx. 50-65% compared with control, almost constant over the days.

[image: Four panels labeled A, B, C, and D display line graphs for different days of exposure (DOE 13, 15, 17, 20). Y-axes represent stem water potential (ψ stem in MPa) and stomatal conductance (gsw in mol m² s⁻¹), with the bottom row showing transpiration rate (E in mmol m² s⁻¹). X-axes display times from 05:00 to 17:00. Symbols denote control (C), water stress (WS), and an additional treatment R in panels C and D. Statistical significance is indicated by asterisks beneath the graphs.]
Figure 4 | Daily trends of stem water potential (ψstem), stomatal conductance (gsw) and transpiration (E) measured in the first phase of restricted irrigation (DOE 13 (A) and DOE 15 (B); C= Control and WS= Water-Stressed) and in the second phase of restricted irrigation and first recovery (DOE 17 (C) and DOE 20 (D); C= Control, RI= Recovery and WS= Water-Stressed). Each point is the mean of measured data ± SE (ψstem, n=6; gsw and E, n=9). Asterisks denote significant differences in ψstem, gsw and E, respectively, between RI and WS vines compared with C according to a One-Way ANOVA test (p< 0.05).

Leaf temperature of sun exposed leaves of kiwifruit vines under non-limiting soil water conditions, monitored during the midday hours (12:30-14:30 hours), was higher than air temperature in the range of approx. 2-4.5°C, depending on daily VPD conditions. In particular, leaf to air temperature differences (ΔT) decreased with increasing VPD and E, due to the potential cooling effect of transpiration (Figure 3D). Otherwise, in WS vines Tleaf were nearly 4°C higher than in C vines on some days of experiment (data not shown) and ΔT, on average equal to approx. 6°C, increased due to the reduced transpiration rate and consequent loss of thermoregulatory capacity under water stress conditions (Figure 5B). Reference values of ψmidday, allowing maximum stomatal activity and opening, ranged from -0.4 down to -0.7 MPa, under non-limiting soil water conditions (Figure 5A). Results showed that under a threshold value of ψmidday, generally corresponding to the minimum reached during the day, of approx. -0.8 MPa, gsw began to decrease significantly while ΔT increased (Figure 5), indicating a change in plant behavior when subjected to water stress conditions.

[image: Two graphs show relationships between variables. Graph A plots gsw against Ψ midday with blue and red triangles, indicating a nonlinear negative correlation \( R^2 = 0.92 \). Graph B plots ΔT against Ψ midday with red and blue diamonds, indicating a linear negative correlation \( R^2 = 0.65 \). Both graphs feature regression lines.]
Figure 5 | Correlation between midday stem water potential (ψmidday) and stomatal conductance (gsw) (A) and leaf to air temperature differences (ΔT) (B) during the experimental trial. Symbols are means of measured data, blue for optimal irrigation level and soil water availability; red for restricted irrigation and progressive soil water content lowering. Line corresponds to modeled data.

Vines were then subjected to a recovery phase (RI and RII) from a different level of water stress, indicated by ψmidday and ψpre-dawn values of approx. -1.4 and -0.5 MPa reached at the end of the first phase of restricted irrigation, and -1.8 and -1.0 MPa reached at the end of the second phase of restricted irrigation, respectively. Recovery dynamics of physiological indicators are shown in Table 2. Upon re-watering, recovery of ψstem was rapid both in the first and in the second recovery (RI and RII), restoring values equal to those of C vines in the immediate 24 hours, regardless of the water stress level achieved. However, gsw of WS vines showed a delay in recovery, reaching 86% and 51% of the value of C vines one week after re-watering from the first and the second phase of restricted irrigation, respectively, showing a different recovery trend depending on the stress level achieved. Similarly, E of WS vines recovered slowly, but not as slowly as gsw, showing no differences with C vines and reaching 76% of the value of C vines 5 days and one week after re-watering from the first and the second phase of restricted irrigation, respectively (Table 2).

Table 2 | Midday stem water potential (ψmidday), stomatal conductance (gsw) and transpiration (E) measured in the first (RI) and in the second recovery (RII) at several days after re-watering from a condition of pre-dawn stem water potential (ψpre-dawn) values of approx. -0.5 and -1.0 MPa, respectively.


[image: Table showing recovery days, treatments, and measurements of stomatal conductance (gsw), transpiration rate (E), and midday water potential (ψmidday) in different vines. Treatments are labeled C, R₁, and R₂. Significance is indicated by asterisks, with notes explaining significant differences compared to control vines using ANOVA tests. Numbers show mean values with standard deviations.]
The response of physiological indicators to SWC during the days of experiment is shown in Figure 6. In particular, ψmidday, gsw and photosynthesis (A) showed a positive correlation with SWC recorded by soil moisture probes in the 0-40 cm soil layer, indicating that a progressive decrease in SWC negatively affected plant behavior (Figure 6). Relationships were carried out considering the 0-40 cm soil layer that was mainly affected by root water uptake dynamics as shown in Figures 2A, 8. SWC was maintained approximately in the range between 40% and 50% for C vines in the 0-40 cm soil layer. Stomata were wide open, allowing maximum transpiration rates when SWC was maintained at optimal levels (Figure 6B). ψmidday, gsw and A declined by 50% once SWC dropped to about 27%, 26% and 24%, respectively. At much lower SWC, the stomata were almost completely closed, which severely affected vine transpiration. Determination coefficients (R2) of the relationships between physiological indicators and SWC were higher for gsw, followed by ψmidday and A, equal to 0.84, 0.73 and 0.64, respectively. The intersection of the mean value of SWC calculated for the control vines with the function trajectory resulted in a reference value of -0.67 MPa, 0.17 mol m-2 s-1 and 16.0 µmol m-2 s-1 for ψmidday, gsw and A, respectively (Figure 6).

[image: Three scatter plots labeled A, B, and C show relationships between different variables and soil water content (SWC) percentage. In plot A, ψ midday is plotted against SWC with a regression curve and R² value of 0.73. In plot B, gsw is plotted with SWC, showing a similar trend, with an R² value of 0.84. Plot C shows A versus SWC, with an R² of 0.64. Red and blue data points are separated by a shaded vertical region, with respective equations and confidence intervals depicted by curves.]
Figure 6 | Responses of midday stem water potential (ψmidday) (A), stomatal conductance (gsw) (B) and photosynthesis (A) (C) to soil water content (SWC) considered in the 0-40 cm soil layer during the experimental trial. Symbols are means of measured data, blue for optimal irrigation level and soil water availability, red for restricted irrigation and progressive soil water content lowering. Lines correspond to modeled data. (Some additional measurements taken externally to the experimental period were included in the analysis).

The analysis of plant measurements, carried out in the WS vines during the days of experiment of restricted irrigation, in relation to the progressive AW depletion reached in different soil layers (0-20, 20-40 and 40-60 cm) is shown in Figure 7. ψmidday and gsw showed to be greatly affected by the dynamic of AW depletion according to soil depth, in particular, changes in plant water status and stomatal behavior are associated with higher reductions of the available water contained in the 0-20 cm soil layer, followed by the 20-40 cm and 40-60 cm soil layers (Figures 7A, B).

[image: Three scatter plots labeled A, B, and C show the relationship between available water depletion percentage and various plant physiological parameters. Plot A displays midday water potential (\(\Psi\) midday in MPa) versus AW depletion, Plot B displays stomatal conductance (\(gsw\) in mol per square meter per second) versus AW depletion, and Plot C displays photosynthesis rate (\(A\) in micromoles per square meter per second) versus AW depletion. Data points are color-coded to represent different soil depths: 0–20 cm (blue), 20–40 cm (green), and 40–60 cm (red), with linear trends visible in each plot.]
Figure 7 | Distribution of midday stem water potential (ψmidday) (A), stomatal conductance (gsw) (B) and photosynthesis (A) (C) of water-stressed (WS) vines in relation to available water (AW) depletion (%) considered in the 0-20, 20-40 and 40-60 cm soil layers during the experimental trial. Lines are only illustrative.




3.3 Water uptake by roots

Daily SWC and AW depletion trends in C and WS vines, respectively, are shown in Figure 8. The changing pattern of SWC around the C vines reflected the combined effects of multiple daily irrigation interventions and the root water uptake strategy used by the vine. Greater variations in SWC were observed at 15, 25 and 35 cm soil depths (Figure 8A), while at deeper depths an almost flat trend in SWC was observed (data not shown). Three daily irrigation interventions were carried out to allow the vine to meet more efficiently the transpiration demand, which was higher during the midday hours, as shown by the increased root water uptake in the first 15 cm of soil on both days, but particularly on DOE 13, probably due to the increased environmental evaporative demand (Figures 8A, 1).

[image: Graph showing soil water content (SWC) and available water (AW) depletion at different depths: 15 cm (red), 25 cm (blue), and 35 cm (black). Part A shows SWC with peaks and fluctuations, indicated by blue arrows at certain times. Part B displays AW depletion over time, showing a downward trend across all depths. Time is on the x-axis and percentage on the y-axis.]
Figure 8 | Daily courses of volumetric soil water content (SWC) in control vines (A) and of available water (AW) depletion in water-stressed vines (B) at 15, 25 and 35 cm soil depths on two consecutive representative days during the experiment (DOE 12 and DOE 13). Blue arrows indicate daily irrigation interventions carried out.

The progressive decrease in SWC around the WS vines reflected a differential reduction in AW according to different soil depths and time of the day. Water uptakes were mostly concentrated in the central hours of the day (i.e., from 6:00 to 18:00), as shown by the decrease in AW contents when the vine accessed water to meet transpiration demands (Figure 8B). Preferential root water uptakes occurred in the superficial soil layers, as significant reductions of approx. 3.6%, 2.4% and 1.5% were achieved at 15, 25 and 35 cm soil depths during DOE 13, indicating a decrease in AW depletion with increasing soil depth (Figure 8B). Water uptake in the deeper layers increased gradually and slowly as the AW in the superficial soil layers was depleted.

The spatio-temporal changing dynamics of AW and the contribution of each layer to the progressive lowering of AW in the whole soil profile during the days of the experiment is shown in Figure 9. The AW was preferentially depleted in the first soil layers (up to 30 cm), which showed the largest reductions, contributing to a reduction in AW contained in the whole soil profile ranging from 10% to 27% during the days of the experiment. The progressive reduction of AW in the first soil layers (up to 30 cm) was slightly more limited from DOE 13 when the vines increased their water uptake in the deeper layers (from 30 to 60 cm), contributing to an AW reduction in the whole soil profile in the range of 0% to 9% during the days of the experiment (Figure 9). In particular, the deeper layers showed no or small reductions in AW at DOE 2 and DOE 3, respectively. From DOE 13, soil water conditions also began to be limiting in the deeper layers (from 30 to 60 cm), as the vines gradually accessed AW after the superficial soil layers had exhausted the more freely available water.

[image: Bar chart showing AW depletion percentage across six intervals labeled 2, 3, 13, 14, 15, 17, and 20. Each bar is divided into color-coded sections representing soil depths: 0-10 cm (blue), 10-20 cm (red), 20-30 cm (green), 30-40 cm (purple), 40-50 cm (teal), and 50-60 cm (orange). Bars depict varying depletion levels at different depths.]
Figure 9 | Dynamics of available water (AW) depletion in the whole soil profile (0-60 cm) reported for each 10 cm soil layer (0-10, 10-20, 20-30, 30-40, 40-50, 50-60 cm) during some representative days of the experiment (DOE).

Measurements of plant water status and stomatal conductance combined with soil observations and root water uptake dynamics during DOE 2 and DOE 3 are shown in Figure 10. Based on the daily dynamics of ψstem and gsw, DOE 2 was identified as the day before the onset of the water stress condition, since these parameters were almost the same in both C and WS vines (Figures 10A, B). During DOE 2, AW started to decrease in the first soil layers (up to 30 cm), with approximately 31%, 22% and 10% of AW being depleted in the 0-10, 10-20 and 20-30 cm soil layers respectively, while deeper layers showed insignificant decreases in AW (Figure 10C). Similarly, DOE 3 was identified as the day of water stress onset, as both gsw and ψstem of WS vines were different from those of C vines (Figures 10D, E). In particular, ψstem of the WS vines was equal to that of the C vines during the early morning hours, while it decreased significantly at midday, reaching a value of approx. -1.0 MPa, due to the combination of a higher evaporative demand and a rapid decrease in SWC, suggesting that the reduced water availability exacerbated the midday depression phenomenon (Figures 10D, E). During DOE 3, AW was further reduced by approx. 16%, 11% and 5% compared to DOE 2 in the 0-10, 10-20 and 20-30 cm soil layers, respectively (Figure 10F).

[image: This figure consists of six graphs comparing stem water potential, stomatal conductance, and available water depletion under different conditions. Panels A and D show stem water potential (ψ stem) over time for treatments "C" and "WS" during DOE 2 and DOE 3, respectively, showing a decreasing trend throughout the day. Panels B and E depict stomatal conductance (gsw) for the same treatments with data indicating different trends for each treatment. Panels C and F illustrate available water (AW) depletion percentages across soil layers, showing variable depletion across depths. Error bars indicate variability in data.]
Figure 10 | Daily dynamics of stem water potential (ψstem), stomatal conductance (gsw) and available water (AW) depletion calculated in relation to the content of each 10 cm soil layer (0-10, 10-20, 20-30, 30-40, 40-50 cm) during the day before (DOE 2) (A–C) and at the onset of water stress (DOE 3) (D–F).





4 Discussion



4.1 Plant behavior under non-limiting soil water conditions

The irrigation strategy adopted for the well-watered vines consisted in splitting the daily irrigation volume into several interventions, maintaining the SWC steadily close to the FC (Figure 8A). The timely synchronization of the vine's water needs during the day, as influenced by environmental demands, with the irrigation supply, made it possible to guarantee an optimal soil water status at any time of the day, ensuring maximum root water uptake, avoiding the restriction of leaf gas exchange and the establishment of stomatal control and promoting transpiration processes (Figures 3B, C). This result is in agreement with Torres-Ruiz et al. (2016), who found that providing water at times when environmental conditions are more stressful, i.e. during the hottest hours of the day, allows kiwifruit vines to benefit from an improved water status and higher leaf gas exchanges at this time of the day. Soil water status and plant transpiration rate, which is influenced by environmental evaporative demand, are two main factors influencing plant water status at a given time of the day (Tardieu and Simonneau, 1998) (Figures 3, 4, 7). Stem water potential measured in the present study was used as the primary indicator of plant water status because it has been shown to be less variable than leaf water potential and more efficient in detecting small differences between irrigation treatments (McCutchan and Shackel, 1992). A gradient exists between leaves and stem that is proportional to the transpiration rate, resulting in lower leaf water potentials than stem water potentials, as previously reported in kiwifruit by Morandi et al. (2010). Therefore, when interpreting the data, it should be taken into account whether the results refer to leaf or stem water potential values. Maximum values of ψstem were observed at pre-dawn, when an equilibrium between plant and soil water potentials is achieved in the absence of water flux (Tardieu and Simonneau, 1998). ψstem reached lower values as the environment became more water-demanding (Figure 4), but well-irrigated vines maintained their ψmidday in the range between -0.4 and -0.7 MPa, below which vines began to experience a stress condition that significantly altered normal plant functioning. Previous studies reported daily trends in leaf water potential for well-irrigated 'Hayward' kiwifruit ranging from -0.1/-0.2 MPa at pre-dawn to -0.9/-1.2 MPa at midday (Gucci et al., 1997), -0.03/-0.08 MPa at pre-dawn to -0.4/-0.8 MPa at midday (Judd et al., 1989) and -0.6/-1.0 MPa at midday (Montanaro et al., 2009; Calderón-Orellana et al., 2021), with differences depending on environmental evaporative demand (i. e. VPD conditions), stomatal behavior and root system development.



4.1.1 Plant response to environmental demand

The plant functioning mechanism of the yellow-fleshed kiwifruit cultivar was first investigated by considering the relationships between ψstem, gsw and E with the variable climatic conditions expressed by VPD, with soil moisture as a non-limiting factor. The increasing trend in VPD associated with climate change is recognized as one of the main climatic drivers affecting plant physiology (Grossiord et al., 2020). Kiwifruit vines showed diurnal fluctuations in ψstem in response to both evaporative demand (i.e. VPD) (Figure 3A) and light-induced stomatal opening (Figure 4) under non-limiting soil water conditions. Well-watered kiwifruit vines exhibited slight fluctuations in ψstem during the day (Figure 4), which contribute to the low hydrostatic pressure gradient between leaves and roots in kiwifruit (Dichio et al., 2013), indicating low hydraulic resistances in the water-conducting pathway (McAneney and Judd, 1983). ψstem declined with increasingly warm and dry environmental conditions under non-limiting soil water conditions (Figure 3A), but it is expected to become less responsive to changes in VPD as soil water availability begins to decrease. Vine transpiration was positively correlated with VPD (Figure 3B), as previously observed (Montanaro et al., 2007), and increased with environmental demands (Grossiord et al., 2020), thus slightly reducing potentials to the minimum values allowed, generally recorded during the hottest hours of the day, without affecting physiological performances (Figure 4). The gsw of well-watered vines, unlike ψstem and E, was not affected by the fluctuations in air VPD recorded during the days of the experiment, suggesting a plant behavior more likely to leave stomata open and allow high transpiration rates, which increased linearly with VPD, consequently lowering potentials (Figure 3C). A "midday depression" of gsw has been commonly reported in field-grown plants and attributed to high air VPD conditions (Tardieu and Simonneau, 1998). However, gsw reductions were generally not observed in well-watered plants, which showed almost constant gsw values despite high VPD, as previously described in kiwifruit (Gucci et al., 1996). This result is in agreement with Bardi et al. (2022), who studied the relationship between gsw and VPD in kiwifruit orchards (cv 'Hayward'), confirming a very low stomatal sensitivity of kiwifruit to VPD conditions and thus a tendency to anisohydric behavior. Stomatal sensitivity to air VPD affects the capacity of plants to regulate gas exchange in response to increasing VPD by controlling stomatal aperture as a strategy to decouple the canopy from the water-demanding atmosphere (Zweifel et al., 2007), and is highly variable between and within species (Grossiord et al., 2020).





4.2 Plant behavior under limiting soil water conditions

The response of yellow-fleshed kiwifruit to progressive SWC lowering was investigated to evaluate the effects of SWC on plant water status and physiological parameters and identify thresholds below which plant performance began to be compromised, up to severe effects.



4.2.1 Plant water status

Vines exposed to a progressive reduction in soil water availability had decreasing ψstem values, revealing particularly severe stress conditions when significant differences from before dawn were observed. ψpredawn is usually used as a reliable indicator of plant water status (Judd et al., 1989), which is influenced by the maximum soil water potential to which roots are exposed. The progressive decrease in ψpredawn of WS vines indicated the inability of the plants to restore, during the nighttime hours, the tissue water reserves partially ceded to the transpiration flow during the day due to soil water shortage. The main physiological mechanisms of response to soil water deficit were reviewed, confirming that ψpredawn decreases in response to increasing soil water deficit until the maximum level of water stress, identified as the time before irreversible damage and wilting of leaves occur, which was previously reported to range between pre-dawn leaf water potential values of -0.78 MPa and -1.06 MPa for green-fleshed kiwifruit (Gucci et al., 1997). A pre-dawn leaf water potential value of -1.0 MPa has been identified as the threshold below which vines are defined as 'severely stressed', with midday water potential values falling dramatically below those measured in well-watered vines (Judd et al., 1989; Gucci et al., 1997; Montanaro et al., 2007), while a value of -0.3 MPa has been identified as the threshold below which gsw begins to be affected (Gucci et al., 1996). Although plants subjected to decreasing soil water availability showed reduced ψpredawn, which can be used as a reliable indicator of the maximum soil water potential to which the roots are exposed (Tardieu and Simonneau, 1998), ψpredawn values are not always sufficient to detect water stress in kiwifruit, as differences in gsw can be found even when differences in water potentials are not appreciable. This was also evident in the current study, particularly on DOE 3, where ψstem values were the same between C and WS vines at predawn, but differed significantly at midday (Figures 2, 10D), reflecting a condition of early mild stress, also supported by a reduction in gsw of approx. 40% at midday (Figure 10E). Therefore, ψmidday and gsw could be considered as more sensitive indicators of early stages of water stress in yellow-fleshed kiwifruit. This is in agreement with Gucci et al. (1996), who found that ψpredawn was insensitive to the initial phase of soil water content decrease and was significantly affected only after reaching the threshold value of -0.3 MPa.




4.2.2 Stomatal activity

Decreasing soil moisture induces plants to regulate stomatal conductance, in order to avoid damage to the hydraulic system, and the intensity of gsw reduction depends on plant stomatal behavior, ranging from anisohydric to isohydric strategies (Tardieu and Simonneau, 1998; Martínez-Vilalta et al., 2014; Grossiord et al., 2020). Whether kiwifruit vines have an isohydric or anisohydric behavior is still highly discussed, but it is increasingly accepted that isohydricity is cultivar rather than species specific, and is also influenced by external conditions and the peculiar environments in which plants grow. Previous studies have found that gsw of 'Hayward' kiwifruit is reduced by stomatal closure under severe water stress (Chartzoulakis et al., 1993; Gucci et al., 1996). Gucci et al. (1997) found smaller differences between leaf water potentials of stressed and well-irrigated vines when measured at midday than at pre-dawn, supporting the conclusion that 'Hayward' kiwifruit responds conservatively to soil moisture depletion by closing stomata, limiting transpiration and thus the decline in leaf water potential at midday (tendency to isohydric behavior), which is not in agreement with other research that suggest a lack of or poor stomatal control of transpiration, with leaves continuing to lose water as soil water deficit increases (Judd et al., 1989; Calderón-Orellana et al., 2021). In particular, Montanaro et al. (2007) suggested that 'Hayward' kiwifruit can cope with the Mediterranean environment by adopting an adaptive strategy aimed at low gsw and carbon gain sacrifice for water conservation and photoprotection, also under severe water stress, disapproving the absence of stomatal control. From the measurements carried out in the present study, the differences between ψstem of C and WS vines were greater at midday (Figure 4), suggesting that yellow-fleshed kiwifruit tends not to have the same stomatal behavior as that found by Gucci et al. (1997) in green kiwifruit, still slightly increasing E during the hottest hours of the day and significantly decreasing potentials, although there was a consistent reduction in gsw of WS vines, which was only 25-44% of that of C vines throughout the experimental trial (Figure 4), in agreement with Gucci et al. (1997). Therefore, the gsw of yellow-fleshed kiwifruit vines appeared to be strongly affected by changes in soil water status (Figure 6B), in agreement with Gucci et al. (1996), identifying SWC as a key driving variable involved in the behavior of kiwifruit vine stomata. Stomatal behavior of kiwifruit has been reported to be highly sensitive to soil and air hydration, contributing to minimize leaf water deficits and regulate overall canopy transpiration (Gucci et al., 1996). An average value of gsw reduced by 65% compared to C vines was achieved when ψmidday was lower than -0.8 MPa (Figure 5A), confirming the high stomatal sensitivity to changes in plant water status, as previously reported by Gucci et al. (1996). The relationship between gsw and ψmidday suggests that the stomatal response occurs after a threshold value of plant water potential is reached (Garnier and Berger, 1987), showing a progressive closure of stomata when ψstem falls below the critical value (Figure 5A). This result, obtained under field conditions, is consistent with the finding of Mills et al. (2009), who investigated the water stress physiology of pot-grown yellow-fleshed kiwifruit and identified a midday leaf water potential value of approx. -1.0 MPa as the threshold below which gsw began to be significantly affected (reduced by approx. 80% compared to control vines when leaf water potential reached values of -1.5 MPa). At the same time, it does not fully agree with Boini et al. (2022), who identified -0.5 MPa as the midday stem water potential value of field-grown vines below which A. chinensis var. chinensis reduces all leaf gas exchange parameters. Several research studies agreed that A and gsw of field-grown vines follow trends parallel to those of container-grown vines, but the stress develops more gradually when irrigation is restricted in the field (Gucci et al., 1996), also due to the generally lower unsaturated hydraulic conductivity of pot substrates compared to natural fields (Tardieu and Simonneau, 1998). It is expected that under field conditions, the severity of water stress can be mitigated and vines perform better due to the more extensive and developed root system, which explores a larger soil volume and compensates for the effects of water stress by absorbing water from greater soil depths (Goldhamer et al., 1999; Mills et al., 2009).




4.2.3 Sensitivity to drought stress and stem water potential threshold

The diurnal changes observed in leaf E reflected the changes in gsw, suggesting that stomatal closure was an adaptive strategy to prevent leaf dehydration by slowing transpiration (Figure 4). Despite the relatively early adaptive response of stomata, which limits further decreases in water potential and ensures that leaf water demand does not exceed the supply capacity of the hydraulic system (Martin-StPaul et al., 2017), ψstem was not protected and decreased significantly, probably due to the increased hydraulic resistance of progressively drying roots as reported by Gucci et al. (1996). The reduction in ψstem was related to the progressive AW depletion (Figure 7A) and could therefore be dependent on the increased root hydraulic resistance. Soil drying has been reported to induce changes in root hydraulic conductance, which decreased rapidly but reversibly upon re-watering (Vandeleur et al., 2009; Black et al., 2012). In well-watered kiwifruit vines Tleaf was higher than air temperature, with large differences indicating a reduced capacity for evaporative water loss as previously reported in 'Hayward' kiwifruit (Buwalda et al., 1992; Montanaro et al., 2007). However, ΔT decreased with increasing environmental demand (i.e. VPD) due to higher transpiration rates, resulting in increased evaporative water loss and cooling effect observed in kiwifruit vines under non-limiting soil water conditions (Figure 3D). Reduced transpiration induced by water shortage compromised the thermoregulatory capacity of leaves, leading to a further increase in leaf temperature, approx. 2 to 4°C higher than kiwifruit vines under non-limiting soil water conditions (Figure 5B). In kiwifruit, the small gradient between canopy and soil water potentials probably decreases water uptake, effectively reducing the ability of this species to tolerate drought (Gucci et al., 1996). Hydraulic conductivities measured for both root and stem xylem tissues are higher compared to other species, and the resistance to water movement within the vine is very low (McAneney and Judd, 1983; Dichio et al., 2013). This supports that the soil to root pathway is the main resistance to water uptake by the kiwifruit root system, even at high soil water potentials, which can be worsened by soil drying (McAneney and Judd, 1983). Although high whole-plant hydraulic conductance in kiwifruit contributes to high transpiration rate and photosynthetic capacity, it can also lead to increased susceptibility to some drought-related hydraulic impairments (e.g. cavitation, embolism), which are exacerbated during drought and in Mediterranean environments (Dichio et al., 2013; Bardi et al., 2022). Most of the studies on kiwifruit water relations and needs refer to A. chinensis var. deliciosa, while information on the physiology of yellow-fleshed kiwifruit under non-limiting soil water conditions and reduced soil water availability is emerging recently. The results obtained in the present work show a change in the behavior of kiwifruit vines exposed to different soil water conditions. In particular, kiwifruit vines moved from a high water-consuming approach, observed under non-limiting soil water conditions, without limiting their activities or suffering from critical environmental conditions (e.g. high VPD), to a more conservative adaptive strategy adopted under conditions of limited soil water availability. The current study suggests the identification of a threshold value of the plant water status, influenced by different soil water conditions, which can be considered critical for A. chinensis var. chinensis, i.e. ψmidday values below -0.8 MPa indicated an initial impairment of leaf gas exchange activity (Figure 5A). From the measurements carried out in the present study, the ψstem variations of WS vines from the control values during DOE 3, reaching a value of -1.0 MPa at midday, identify the establishment of a stress condition. Instead, ψpredawn and ψmidday values of -1.0 and -1.8 MPa, respectively, corresponding to the maximum level of water stress achieved during the experimental trial, already identify a severe water stress condition in yellow-fleshed kiwifruit. Threshold values reported for A. chinensis var. chinensis, below which physiology appeared to be compromised, were higher than those reported for A. chinensis var. deliciosa in a typical Mediterranean environment (Montanaro et al., 2009), supporting the lower tolerance of yellow-fleshed kiwifruit to reduced water availability compared to green-fleshed kiwifruit, cv 'Hayward'. This is consistent with the findings of Rahman et al. (2011), who demonstrated that A. chinensis var. deliciosa had a higher water loss than A. chinensis var. chinensis during a mild or short-term period of water stress, but a higher tolerance and then greater advantages under conditions of severe or prolonged water stress.





4.3 Spatio-temporal dynamics of soil moisture and thresholds for precision irrigation

Monitoring soil water status, which is related to plant water status, is increasingly becoming a common approach to schedule and control irrigation in order to ensure optimal plant performances (Nolz et al., 2016). Fluctuations in soil AW vary throughout the soil profile, depending on the structure and development of the root system, the irrigation system wetting a specific soil volume, and the environmental conditions (such as reference evapotranspiration and VPD). Therefore, it is important to define in-situ soil moisture thresholds based on multi-layer sensor data collected in the field to manage irrigation from a practical point of view. The method proposed in this paper defines thresholds for AW by measuring plant responses to progressive lowering of SWC and analyzing their relationships, in order to identify the 'stress point' that serves to early detect a water stress condition and implement more sustainable and precise irrigation strategies. The present study found that plant water status and other physiological indicators of kiwifruit vines were sensitive to a progressive decrease in SWC (Figure 6). This result is consistent with the findings of previous research carried out on other species (Garnier and Berger, 1987; Naor and Cohen, 2003; Al-Yahyai, 2012; Jamshidi et al., 2020), focusing on the response of water stress indicators to soil drying and whether these parameters are correlated with each other. The resulting correlation confirmed that, in addition to environmental variables, other factors such as soil moisture could have a great influence on plant water status. In the lower range of SWC, plant water status and physiological parameters were controlled by the root water uptake mechanism and water availability. The current work aimed to identify soil water content thresholds and define the amount of AW that can be used by the plant without compromising the physiological aspects, delimiting the range where no stress should occur. Results provide new information to define the depletion fraction of AW from the root zone before moisture stress occurs in yellow-fleshed kiwifruit, which was previously considered to be 0.35 for kiwifruit (cv 'Hayward') with a crop evapotranspiration (ETc) of approx. 5 mm day-1 (Allen et al., 1998). Vines, which absorbed water differentially in each soil layer, experienced a decrease in the AW amount of approx. 35 m3 ha-1 from the soil profile achieved at DOE 2, identified as the day until which the plant's water status and physiology were maintained at optimal levels, which corresponds to a depletion of about 11% of the AW contained in the whole soil profile (0-60 cm) (Figure 9). Instead, AW was overall reduced by approx. 17.8% at DOE 3, identified as the 'stress onset day' (Figures 10D, E), which implied a decrease of about 57 m3 ha-1 of AW from the whole soil profile (Figure 9). The depletion factor changes with the environmental evaporative demand, in particular at high ETc it is 10-25% lower than the ordinary value, indicating that a lower AW fraction can be depleted before the onset of the stress (Allen et al., 1998). Values found in the present study highlighted that under the same ETc conditions, the depletion factor of AW for yellow-fleshed kiwifruit was approx. 50% lower than that reported for 'Hayward' in the FAO-56 paper. A previous study has focused on defining the allowable soil water depletion for precise irrigation scheduling in other tree crops, and obtained a depletion factor lower than those tabulated in the FAO-56 paper (Puig-Sirera et al., 2021). The assessment of root water uptake through changes in soil moisture is promising (Jackisch et al., 2020) and provides further information on the amount of water depleted, which can be considered complementary in estimating transpiration and water needs of plants. The greater activity of surface roots is shown by the rapidly changing pattern of both SWC around the C vines and AW depletion around the WS vines, which followed a decreasing trend with increasing soil depth (Figure 8). This is consistent with previous research investigating the pattern of SWC at different depths in the root zone of kiwifruit vines, which showed that vines preferentially use near-surface water when available (Clothier and Green, 1994; Green and Clothier, 1995; Green et al., 2006). Preferential root water uptake occurred initially from the superficial, wetter parts of the soil, and then increased in the deeper layers. Vines began to extract water from the depths where water was more freely available (Figure 9), in accordance with Green and Clothier (1995) who confirmed the capacity of kiwifruit vines to shift their water uptake pattern in response to changes in soil water availability. In the present study, soil water depletion was used to understand the intensity and dynamics of root water uptake throughout the root zone. Considering the dynamics of root water uptake, soil moisture thresholds should be identified for each layer, which contribute differently to triggering water stress. Therefore, in Mediterranean environments where daily vine water requirement can reach about 60-70 m3 ha-1 during the hottest days, it is advisable to split the daily irrigation volume in two or more interventions, according to the DOE 2 depletion indication. Ensuring RAW throughout the day in the first 0-30 cm soil layer, mainly interested by root water uptake, is essential to avoid the establishment of water stress and in particular of midday depression phenomena.





5 Conclusions

The analysis of stem water potential and leaf gas exchange of yellow-fleshed kiwifruit showed that the atmospheric condition (VPD) did not affect stomatal closure/opening under non-limiting soil water conditions, indicating that vines do not implement stomatal control preferring to transpire, losing water according to its availability and thus lowering the potentials. Yellow-fleshed kiwifruit is then characterized by a high water-consuming behavior when soil water availability is not limiting, outlined in a Mediterranean environment. However, stomata appeared to be sensitive to changes in soil water status, decreasing their conductance as soil water content progressively declined, representing a protective and adaptive strategy to water deficit. The approach based on both soil water monitoring and determination of plant physiological parameters was used to identify soil moisture thresholds of high practical applicability for irrigation management. Monitoring of stem water potential and stomatal activity throughout the experiment made it possible to identify the point before and at the onset of water stress, below which plant water status and physiological activity began to be affected, and to define in situ irrigation thresholds. The results of the study suggest that the AW that can be depleted before water stress occurs is approximately 11% of the AW of the 0-60 cm soil layer, which appears to be lower than the standard value reported in the FAO-56 paper. The spatio-temporal dynamics of root water uptake highlighted a different contribution of each soil layer to meeting the transpiration demands of the vines. The decrease in AW was more pronounced in the superficial soil layers (i.e. 0-30 cm), which are mainly affected by root water uptake, contribute more to the onset of stress and should therefore be carefully managed by irrigation. Although the experimental trial was carried out in a semi-arid Mediterranean environment, the approach can be transferred to other environments. Future research is needed to define and validate information on the stress coefficient (Ks) and the AW depletion fraction throughout the irrigation season and in different soil and environmental conditions, in order to develop precision irrigation strategies that allow plants to meet transpiration demand and prevent the establishment of temporary water stress conditions, which are particularly common in Mediterranean-type climates.
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Accurate estimation of farmland evapotranspiration (ET) is crucial for agricultural production. The accuracy of the widely used Penman–Monteith (PM) equation for estimating crop ET depends on the quality of input data and their ability to accurately model the canopy resistance (rc). In this study, we evaluated the PM equation in estimating winter wheat ET using nine rc models, with both original and recalibrated parameters, including the Farias (FA), Monteith (MT), Garcίa-Santos (GA), Idso (IS), Jarvis (JA), Katerji-Perrier (KP), Stannard (ST), Todorovic (TD), and Coupled surface resistance (CO) models. We used long-term measurements (2018 to 2023) from the Bowen ratio energy balance method at both daily and seasonal scales. Parameterization was performed using data from the 2020–2021 growing season, while the remaining 4 years were used for verification. The results showed that the FA, KP, and ST models performed better in estimating daily ET with original parameters, achieving a root mean square error (RMSE) of 1.07–1.16 mm d−1 and a mean bias error (MBE) of −0.59–0.02 mm d−1. After parameterization, the performance of acceptable rc models based on RMSE (ranging from 1.07 to 1.22 mm d−1, averaged 1.16 mm d−1) ranked as follows on the daily scale: FA > CO > KP > ST > IS > GA > JA > MT. The rc models were more accurate in simulating ET on a seasonal scale than on the daily scale. Before calibration, the acceptable FA, KP, and MT models overestimated seasonal ET with the MBE ranging from 2.83 to 75.32 mm and RMSE from 29.79 to 82.38 mm. After correction, the suitable rc models based on RMSE values decreased by FA > CO > KP > IS > ST > GA > JA on the seasonal scale, which ranged from 29.79 to 76.35 mm. The performance of the revised rc models improved on both daily and seasonal scales, with RMSE reductions of 29.03% and 68.18%, respectively. Considering both the accuracy and calculation complexity, the FA and KP models were recommended to be used in the PM equation to estimate daily and seasonal ET in semiarid regions. The CO, GA, ST, IS, and JA models can also be used as alternatives, depending on the availability of meteorological parameters.




Keywords: Bowen ratio energy balance, winter wheat, evapotranspiration, canopy resistance model, calibration, model parameter, Penman-Monteith equation




1 Introduction

Evapotranspiration (ET) is one of the largest components of surface water loss (Zhang et al., 2016), and its accurate determination is essential in areas of water cycle regulation, energy transfer, vegetation health and growth, agricultural water management, hydrological modeling, water resource allocation, ecosystem functioning, and climate change impact assessment (Shen et al., 2002; Sun et al., 2007; Zhang et al., 2022b).

Although ET can be directly measured using several methods, such as weighing lysimeters (Shahrokhnia and Sepaskhah, 2012), eddy covariance (Xu et al., 2021), Bowen ratio energy balance (BREB) (Han and Li, 2010), and sap flow (Zheng et al., 2022), these methods were often limited by high costs, complicated operations, and strict site requirements (Liu et al., 2009). Therefore, accurately estimating ET using meteorological data and empirical or semi-empirical models, which were cost-effective and easier to operate, is crucial. To date, several methods for estimating ET had been well developed, including the one-step approach (López-Urrea and Chávez, 2019), the two-step approach (Meng et al., 2021), and the complimentary relationship approach (Zhou et al., 2015). The Penman–Monteith (PM) equation, recommended by the Food and Agriculture Organization, had reasonable accuracy (Allen et al., 1998). However, its accuracy was heavily dependent on the precise estimation of the canopy resistance (rc), which varied with crop type, growth stage, and environmental conditions (Irmak et al., 2013). Therefore, a thorough understanding of the canopy resistance was a crucial step when applying the PM equation.

Canopy resistance represented the combined resistance to water vapor through crop leaf stomata, soil resistance to evaporation, and vapor flux resistance under the crop canopy (Lovelli et al., 2008). Parameterizing and directly measuring rc was extremely difficult, as it could be influenced by many factors, including solar radiation, air temperature, vapor pressure deficit, soil moisture content, and leaf area (Irmak and Mutiibwa, 2010). Current efforts to parameterize rc mainly included the upscaling method (Xu et al., 2018), the inverse method (Niyogi et al., 2008), and the environmental factor function method (Wu et al., 2022).

Various rc parameterization models have been proposed. Using hourly BREB measurements data from four typical sunny days, Yan et al. (2020) recalibrated the Katerji-Perrier (KP) parameters and compared the KP and Todorovic (TD) model in the PM, demonstrating satisfactory accuracy. Perez et al. (2005) selected 3 days of 1 year’s data for calibration and Katerji et al. (2011) chose two daytime hourly datasets; they also compared these models on a grass surface and reported that the KP model performed better, while the TD model was not suitable for irrigated grass. Chen et al. (2022) used 1-year data for recalibration and 1-year data for validation and evaluated five rc models in estimating maize ET. They found that the Jarvis (JA) model tended to underestimate, with the threshold for over- to underestimation occurring at LAI = 2. When LAI was less than 2, the KP model performed the best. However, when LAI was greater than 2, the KP model underestimated ET. Liu et al. (2011) observed temporal variations in the TD model performance over winter wheat fields. Hourly assessments revealed limited concordance when the field was not fully vegetated, contrasting with strong agreement under full coverage. Li et al. (2015) investigated 11 rc models whose parameters were calibrated by 1-year data, to estimate long-term ET for maize and grapevine under sparse and full coverage, indicating that the Coupled surface resistance (CO) model was the most accurate. The calibration of three rc models (the KP, TD, and JA) using the PM equation to estimate maize ET showed that the TD and JA models produced reliable results, while the KP model could be used as an alternative (Srivastava et al., 2018).

As described above, knowledge gap remained regarding how they affect the accuracy of the PM estimates and how to select a suitable rc model among the numerous models, as evidenced by inconsistent results in literatures. Clearly, the applicability of the rc models in the PM equation varies across different regions and under different crops covered. Furthermore, it was common for the same rc model that applied the PM equation with the same crop to have different model parameters adopted by different researchers (Xu et al., 2017). For example, Yan et al. (2020) suggested KP model parameters of 0.59 and 0.12 for the winter wheat, while Wang et al. (2016) suggested values of 1.4 and 0.8, respectively. Moreover, most previous studies employed limited datasets, such as a few days or daytime periods, for both parameter calibration and model validation, raising concerns about the model’s applicability, particularly when used across the whole growing season under varied experimental conditions (Spank et al., 2016; Yan et al., 2020; Chen et al., 2022). Previous studies have all directly calculated ET and compared it with the measured ET after calibrating the parameters when using the rc models, without calibrating the existing model parameters (Gharsallah et al., 2013; Li et al., 2015; Yan et al., 2020). Verifying whether the previous model parameters can be used may be an indispensable process, because if the previous model parameters are still applicable, parameter calibration may be a redundant process. In order to ensure accuracy in simulating ET when applying rc models to the PM equation, long-term data should be used for calibration and verification. At the same time, four criteria were considered in selecting rc models: simple form, easily accessible input data, wide applicability, and good performance in previous studies.

The overall objective of this research was to evaluate the performance of nine rc models, with both original and calibrated parameters, in applying the PM equation to estimate winter wheat ET at two time scales, i.e., daily and seasonal, using long-term observations from the BREB from a semiarid site. Specifically, the aims were (i) to evaluate the performance of the rc models with original parameters to test their universality, and (ii) to examine if parameter calibration could improve the accuracy of the PM equation.




2 Materials and methods



2.1 Experimental site description

The experiment was conducted at the research base of the Institute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural Sciences, located in Shunyi District, Beijing in northern China (40.09°N, 116.92°E, 33 m a.s.l). The region had a semiarid climate characterized by four distinct seasons. The whole base covered an area of 1,000 ha and was dominated by a homogeneous planting pattern of winter wheat–summer maize rotation. The long-term yearly averaged elements included the following: precipitation of 584 mm, air temperature of 12.6°C, sunshine duration of 7 h, wind speed of 1.60 m·s−1, and approximately 200 frost-free days. The soil type was fluvo-aquic, with a field water holding capacity averaging 0.38 cm3·cm−3 within a soil depth of 1.8 m.




2.2 Bowen ratio energy balance method

The BREB was an indirect method for measuring ET, proposed by Bowen in 1926 based on the theory that one-dimensional fluxes of sensible and latent heat could be described in terms of flux–gradient relationships (Bowen, 1926). The one-dimensional surface energy balance equation was as follows:

[image: It seems there might have been an error in transmitting the image. Please try uploading the image file again or provide a URL. If you add a caption, it can help give additional context.]

where Rn is the net radiation flux on the crop surface (W·m−2); LE is the latent heat flux (W·m−2); H is the sensible heat flux (W·m−2); and G is the soil heat flux (W·m−2).

Bowen defined the Bowen ratio (β) as:

[image: Equation depicting the ratio of sensible heat flux to latent heat flux: β equals H over LE, which is equal to several terms involving atmospheric parameters such as ρₐ, Cₚ, Kₕ, ΔT, Δz, λ, ε, Kₑ, and γ.]

where ρa is the air density (kg·m−3); Cp is the air heat capacity; ϵ is the ratio of the molecular weight of water to that of dry air (0.622); Kw and Kh are the eddy transfer coefficient for latent turbulent and sensible heat (m2·s−1); ΔT and Δe are the difference of potential temperature and water vapor pressure difference between the two measurement altitudes, respectively; Δz is the difference in height; γ is the psychrometric constant (kPa·°C−1); and λ is the latent heat of vaporization (MJ kg−1).

By invoking Reynold’s analogy, assuming Kw = Kh, and steady-state conditions, the Bowen ratio reduced to:

[image: Equation showing \(\beta = \frac{C_p \Delta T}{\lambda \Delta \epsilon} = \gamma \frac{\Delta T}{\Delta \epsilon}\), labeled as equation (3).]

Combining Equations 1 and 3 results in the following equation to calculate LE and H by:

[image: Mathematical equation shown as LE equals RN minus G over one plus beta, labeled as equation four.]

[image: Equation labeled 5, showing \( H = (R_n - G) \frac{\beta}{1 + \beta} \), where \( R_n \), \( G \), and \( \beta \) are variables.]




2.3 Bowen ratio system and data collection

The winter wheat field plot covered an area of 0.33 ha, with the BREB system installed near the center of the whole base. The experimental block was surrounded by the same crop (winter wheat and summer maize crop rotation), ensuring that the required fetch was fully satisfied in all directions. The meteorological parameters required in the models were measured by the BREB, and all sensors were installed on a stable tripod. The atmospheric temperature (Ta) and humidity (RH) were measured by two combined polymer capacitive humidity and temperature sensors (HMP 155A-L, Vaisala) mounted at 0.5 m and 2.0 m on two masts extending westward. The canopy temperature (Tc) was measured by the canopy temperature sensor (Apogee, SI-111) mounted on a southward mast at a height of 2 m. The net radiation (Rn) and total radiation (Rs) were measured using the radiation sensor (CNR4, Kipp & Zonen) installed in the same direction and height as the canopy resistance sensors. The wind speed (u) was measured by an anemometer (05103L, R.M. Young) installed at the top of the tripod. The sunshine hours, atmospheric pressure (P), and rainfall were measured by the sunshine duration sensor (CSD3, Kipp & Zonen), air pressure sensor (PTB110, Vaisala), and tipping bucket rain gauge sensor (TE525MM, Texas Electronics), respectively, erected below the wind speed sensor at a height of 2 m. The soil heat flux and soil temperature were measured by the soil heat flux sensor (HFP01SC, Hukse flux) and soil temperature sensor (109SS, Campbell Scientific) buried 0.1 m underground. The soil water content was measured using soil moisture sensors (CS616, Campbell Scientific) buried at depths of 0.1, 0.25, 0.50, 0.75, and 1.0 m underground, respectively. All meteorological sensors were calibrated at the National Meteorological Center before installation. The data logger (CR1000, Campbell Scientific) was mounted at the midpoint of the tripod. It sampled sensors every 2 s and recorded the 30-min averages, with the system being supervised once a week. The measured data were used to calculate LE (i.e., winter wheat ET) using Equation 4 and recorded as ET-(BREB) for comparison with other methods. The data were filtered by the quality control based on the criteria proposed by Unland et al. (1996), and gaps were filled according to the method outlined by Qiu et al. (2019). Measurements were conducted from 24 March 2018 to 31 July 2023, covering five growing seasons.




2.4 Winter wheat characteristics

The winter wheat (Triticum aestivum L. of ZHONGMAI 36) was seeded around 1 October and harvested around 15 June of the following year, from 2018 to 2023. The winter wheat was mechanically seeded with a row spacing of 15 cm and a planting density of 300 kg·ha−1. The cultural practices such as fertilization, weeding, and pesticide were kept uniform throughout the study period, but irrigation varied across the five seasons (see Section 3.1). The physiological indicators used to estimate winter wheat ET included plant height (h), leaf area index (LAI), and leaf stomatal conductance (rI), measured every 5–7 days using a ruler, the SS1 Sunscan Canopy Analysis System (Delta-T Devices, England), and the SC-1 Leaf Porometer (Meter, USA), respectively.

Daily data of winter wheat variables (h, LAI, and rI) were needed for daily evaluation, but these were measured at longer time intervals as mentioned above. In order to obtain daily values, nonlinear regressions were performed, as shown in Figures 1 and 2. Daily h was interpolated using a logistic growth model, which demonstrated high accuracy, with all the coefficients of determination (R2) exceeding 0.96 (Figure 1A). The maximum heights (73.6, 65.2, 61.7, 66.9, and 67.9 cm for each season, respectively) were reached at the flowering stage and remained nearly constant thereafter. Daily LAI followed a downward-opening parabolic curve, with maximum values of 4.5, 4.46, 5.2, 4.2, and 4.3 m2 m−2 for the five seasons, respectively (Figure 1B), occurring approximately at the flowering stage. rI showed the strongest regression relationship with Rs among the examined, including Rn, Ta, and Tc (Figure 2). Note that the relationship used for 2019–2020 and 2020–2021 was the average from the other three seasons due to missing measurements.

[image: Panel A and B charts compare the yearly growth of plant height and leaf area index (LAI) over different days of the year (DOY) from 2018 to 2023. Panel A shows an upward trend in height from 20 to 70 centimeters. Panel B illustrates a peak in LAI at different points, reaching up to 5 square meters per square meter. Each year's data is represented by a distinct line style and color.]
Figure 1 | Nonlinear regression of (A) plant height (h) and (B) leaf area index (LAI) of winter wheat from the 2018 to 2023 growth period.

[image: Scatter plot showing three separate data sets from 2018-2019, 2021-2022, and 2022-2023, represented by blue circles, orange triangles, and black squares, respectively. Four regression lines are included: blue dashed, orange dashed, black dashed, and a red solid line representing a three-year combined regression analysis. The axes are labeled \(R_s\) (W/m²) and \(r_i\) (S/m¹). \(R²\) values for individual data sets are 0.816, 0.833, and 0.842. The three-year regression has an \(R²\) value of 0.745.]
Figure 2 | Relationship between leaf stomatal resistance (rI) and solar radiation (Rs).




2.5 Penman–Monteith equation

The estimation of winter wheat ET was based on the PM equation (Penman, 1948). It could be described as follows:

[image: Formula for latent heat flux (LET): \( LET = \frac{\Delta (R_n - G) + \rho_a C_p VPD / r_a}{\Delta + \gamma (1 + r_c / r_a)} \). Equation number six.]

where λET is the crop ET (W m−2); Δ is the slope of the curve when the saturated water vapor pressure is at air temperature (kPa °C−1); γ is the psychrometric constant (kPa °C−1); Rn is the net radiation flux on the crop surface (W m−2); G is the soil surface heat flux (W m−2); ρa is the air density (kg m−3); Cp is the specific heat capacity of air constant pressure (J kg−1 °C−1); VPD is the water vapor pressure deficit (kPa); ra is the aerodynamic resistance (s m−1); and rc is the crop canopy resistance (s m−1), calculated by rc models.

The aerodynamic resistance (ra) can be described as Perrier (1975):

[image: The formula \( r_a = \frac{\ln((z-d)/z_0) \ln((z-d)/(h-d))}{k^2 u_*} \).]

where uz is wind speed of z meters (m s−1); z is measuring height (z = 2 m); k is the Von Karman constant with a value of 0.41; and d, z0, and h are zero plane displacement, roughness length of controlling momentum transfer, and crop canopy height (m), respectively. Following Allen et al. (1998), their relationship was:

[image: Equation labeled (8) showing "d" equals two-thirds of "h" subscript "z0" equals 0.123 "h".]




2.6 Canopy resistance models

In this paper, nine rc models were applied to the PM equation to simulate ET of winter wheat. These models included the upscaling method [Monteith (MT), Idso (IS), Farias (FA), KP, and TD] and the environmental factor function method [CO model, JA, Stannard (ST), and Garcίa-Santos (GA)]. Six of the rc models (expect FA, MT, and TD) required the parameter recalibration, which used only daytime (9:00–15:00) data (n = 3,549) measured by the BREB. All parameters were optimized using the least squares method through the MATLAB. The 30-min all-day data from four seasons were used to calculate rc, which was then brought into the PM equation (Equation 6) to estimate wheat ET, denoted as the PM-rc model, for example, PM-MT and PM-CO. These estimates were compared with the BREB measurements. Both the original and calibrated parameters of the rc models are provided in Table 1.

Table 1 | The list of canopy resistance models, original parameters, and calibrated parameters.


[image: Table listing various canopy resistance models, including CO, FA, MT, GA, IS, JA, KP, ST, and TD, with columns for model names, formulas, original parameters, resources, and corrected parameters. Each model has specific formulas and parameters, some with referenced studies for correction details. Models include specific symbols such as \( r_c \), \( f(\theta) \), and others related to environmental factors.]
The uncalibrated rc models (i.e., using original parameters) were first evaluated using data from four seasons (expect 2020–2021), aiming to test their universality. Then, models were then calibrated using data from 2020 to 2021 to examine whether parameter calibration could improve the PM’s estimation accuracy of winter wheat ET. In the second-round comparisons with calibrated parameters, the same four-season dataset was used.




2.7 Evaluation of model performance

The performance of the rc models was evaluated using statistical indicators including root mean square error (RMSE), mean bias error (MBE), the determination coefficient (R2), and index of agreement (d). They were calculated as:

[image: Mean Squared Error formula: MSE equals the square root of one over n times the sum from i equals one to n of open parenthesis E subscript i minus O subscript i close parenthesis squared.]

[image: Formula for Mean Bias Error (MBE): MBE equals one over n times the sum from i equals one to n of the differences between E sub i and O sub i, where n is the number of observations, E sub i is the estimated value, and O sub i is the observed value. This is labeled as equation ten.]

[image: The equation for R-squared is shown as \( R^2 = \frac{\left(\sum_{i=1}^{n}(O_i - \bar{O})(E_i - \bar{E})\right)^2}{\sum_{i=1}^{n}(O_i - \bar{O})^2 \sum_{i=1}^{n}(E_i - \bar{E})^2} \), labeled as equation (11).]

[image: Formula for index of agreement (d), which is:   1 minus the sum from 1 to n of the squared differences between \(E_i\) and \(O_i\), divided by the sum from 1 to n of the squared differences between \(|E_i - \bar{O}| + |O_i - \bar{O}|\).  Equation labeled as 12.] 

where Oi and Ei are the observed and estimated values, respectively; [image: Please upload the image you would like me to describe. You can click the upload button and provide the image file directly.]  and [image: It looks like you tried to attach an image, but it did not come through. Please try uploading the image again, or provide a URL or description of the image so I can help create the alt text.]  are their respective average; the subscript i is the ith value; and n is total record of data. Lower values of MBE and RMSE indicate better model performance, and vice versa for the R2 and d.





3 Results and discussion



3.1 Meteorological and water condition during experiment

The interannual variation of water conditions during the 5-year growth period of winter wheat is shown in Figure 3. The weather was typically semiarid, and precipitation varied significantly each year, with values of 107.8, 135.6, 84.3, 41.7, and 54.9 mm, over the five growing cycles. Compared with the long-term mean precipitation of 96.4 mm, the years fell into the categories of normal toward wet (2018–2019), nearly wet (2019–2020), normal toward dry (2020–2021), and extremely dry (2021–2023). The soil moisture (θ) within 1 m varied from 23.8 to 36.2 cm3 cm−3, averaging 30.4 cm3 cm−3 over the five seasons, primarily driven by irrigation and rainfall. Irrigation varied across experimental years, i.e., one irrigation of 70 mm at the active growing stage for the former two seasons (2018 to 2020) and three irrigations totaling 270 mm, respectively, at seedling (10 November 2020), jointing (13 April 2021), and flowering (5 May 2021) for the last three seasons (2020 to 2023).

[image: Graph showing changes in three variables over several years. The black line (θ) represents volumetric soil water content in cubic centimeters per cubic centimeter. Blue bars (P) indicate precipitation in millimeters, while green bars (I) denote irrigation events. Data spans 2018 to 2023, organized by day of year (DOY).]
Figure 3 | Winter wheat 2018–2023 water conditions, including soil volumetric moisture content (θ), irrigation (I), and rainfall (P).

The variation in meteorological factors during the 5-year growth period of winter wheat is shown in Figure 4. They showed a similar trend, decreasing first till January and then starting to increase thereafter. The 30-min daily mean Rn and Ta changed from −44 to 233 w m−2 and −15 to 36°C with a mean of 71 w m−2 and 8.9°C, respectively, during 2018–2023, all of which peaked in June (Figures 4A, C). The daily VPD varied from 0 to 3.6 kPa, averaged 0.7 kPa over the five seasons (Figure 4D), and turned flat in winter and started to rise in the greening period. The daily G and u ranged from −48 to 41 w m−2 and from 0 to 4.3 m s−1, respectively, and averaged 0.83 w m−2 and 1.2 m s−1 over the five seasons (Figures 4B, E).

[image: Five-panel chart showing various environmental metrics across different years, with each year represented by a different color and symbol. Panel A: Net radiation (Rn) in W/m²; Panel B: Ground heat flux (G) in W/m²; Panel C: Air temperature (Ta) in °C; Panel D: Vapor pressure deficit (VPD) in kPa; Panel E: Wind speed (u) in m/s. Data points from years 2018-2019 to 2022-2023 are displayed against the day of year (DOY).]
Figure 4 | Changes in (A) net radiation (Rn), (B) soil heat flux (G), (C) air temperature (Ta), (D) vapor pressure difference (VPD), and (E) wind speed (u) in winter wheat measured by the Bowen ratio energy balance (BREB) system from 2018 to 2023. DOY means day of years.




3.2 Comparison of daily ET



3.2.1 rc models with original parameters

The scatter plot of daily ET in Figure 5 showed a significant correlation (p < 0.001) between the PM estimated from nine rc models with original parameters and the BREB measured values. The R2 values ranged from 0.7 to 0.83, with the PM-KP obtaining the highest correlation and the PM-IS being the lowest. However, the slope of the linear relationships varied significantly, ranging from 0.51 to 1.75 with the PM-MT model being closest to 1. Clearly, four rc models (the PM-ST, PM-KP, PM-GA, and PM-FA) underestimated daily ET, as indicated by their regression slopes (0.51–0.81) of less than 1 (Figures 5A, C, F, H). This was also reflected in their daily mean difference (MBE), ranging from −0.59 to 0.02 mm d−1 (Figure 6), with the PM-FA having the largest value and the PM-ST having the smallest. The PM-GA had the largest underestimation at only half of the true value. An MBE of less than 0 meant underestimation and vice versa. However, the MBE for the FA model was greater than 0, likely because it generally overestimated ET when the daily ET was less than 2 mm d−1 (e.g., sparse vegetation cover) (Li et al., 2015). The index of agreement (d) of these rc models was greater than 0.85 (Figure 6), with the PM-GA having the highest value and the PM-FA having the lowest. The RMSE values for these four rc models ranged from 1.07 to 1.47 mm d−1, averaging 1.21 mm d−1 (Figure 6), suggesting a performance order of PM-FA > PM-KP > PM-ST > PM-GA. Notably, the PM-KP performed similarly to the PM-FA, producing values of slope, R2, MBE, RMSE, and d within 0.04, 0.01, 0.08 mm d−1, 0.06 mm d−1, and 0.01 of each other.

[image: Scatter plots comparing ET(PM) values against ET(Bowen) across different models: (A) ST model; (B) CO model; (C) KP model; (D) JA model; (E) IS model; (F) GA model; (G) MT model; (H) FA model; (I) TD model. Each plot features a trend line, a dashed line for reference, and R-squared values. Data points are color-coded by year groups: 2018-2019, 2019-2020, 2021-2022, and 2022-2023.]
Figure 5 | Scatter plot of daily ET (mm d−1) between nine PM-rc models ((A) PM-ST, (B) PM-CO, (C) PM-KP, (D) PM-JA, (E) PM-IS, (F) PM-GA, (G) PM-MT, (H) PM-FA and (I) PM-TD model) with original parameter estimation against BREB measurement.

[image: Three radar charts comparing two datasets, "Original" in red and "After calibration" in blue. Each chart shows different metrics: MBE, RMSE, and d. The axes represent variables including ST, TD, CO, KP, FA, MT, GA, IS, and JA. The charts illustrate performance changes before and after calibration.]
Figure 6 | Comparison of the mean bias error (MBE, mm d−1), mean root square error (RMSE, mm d−1), and index of agreement (d) of winter wheat daily ET by different rc models with original parameters and after parameter calibration.

Five rc models, i.e., the PM-CO, PM-JA, PM-IS, PM-MT, and PM-TD, overestimated daily ET, as indicated by their regression slope (Figures 5B, D, E, G, I) of larger than 1. The slope of the PM-MT was closest to 1 (1.02), and that of the others were greater than 1.4. Meanwhile, the PM-MT obtained the smallest MBE at 0.32 mm d−1, while the others ranged from 0.98 to 2.05 mm d−1, averaging 1.33 mm d−1 (Figure 6). The PM-CO model had the largest overestimation. The d values of these models were lower than those of the underestimated models, ranging from 0.68 to 0.85 with an average of 0.77. Among these, PM-IS performed the worst and PM-TD performed the best. The RMSE values for the overestimated models ranged from 1.6 to 2.97 mm d−1, averaging 2.52 mm d−1. Performance decreased in the following order: PM-MT > PM-TD > PM-JA > PM-CO > PM-IS (Figure 6).

The accuracy of PM-ST, PM-KP, and PM-FA models without parameterization was acceptable in this study. The PM-KP model performed aligning with the estimation results of Yan et al. (2020) for winter wheat ET in humid regions. However, the RMSE increased by 38.3% compared to their value of 0.81 mm d−1. The FA model did not require parameter correction and needed fewer meteorological factors, making it suitable for widespread application. Its simulation results differed from those of Li et al. (2015) for maize and grape under partial and dense canopy stages, where their RMSE was much high at 7 mm d−1. The ST model, a JA-type model, ranked behind the KP and FA models, requiring LAI values during the calculation process. Having more parameters and complex calculation processes did not improve the accuracy.

The other six rc models (CO, JA, IS, GA, MT, and TD) presented great error (RMSE > 1.5 mm d−1) without parameterization (Figure 6). Historically, the MT model was the most widely used in PM equation (rc =70 s m−1) to estimate grassland ET (Gharsallah et al., 2013). The MT model performed best in regression slope but significantly overestimated in 2022–2023 and underestimated in 2021–2022, resulting in a 4-year total slope of 1.02 (Figure 5G). This inconsistency may be due to rc being assigned a fixed value that did not match the actual situation. The TD model, which did not require parameter correction, showed good results in Liu et al. (2011) and Yan et al. (2020) with RMSE values of 0.79 and 0.85 mm d−1, respectively. They were much lower than those in our study. This discrepancy may be because these studies used only daytime data, whereas using data from the entire day can introduce uncertainty in daily ET. When VPD and Rn-G were less or near zero, and when rI and r* in the TD model had negative or uncertain values, X had no solution (the solution of the TD method equation, Table 1). Thus, the TD model was only applicable when rI was precise (Perez et al., 2005). In another study, Katerji et al. (2011) compared the KP and TD models over four crops and found that the TD model’s overestimation was attributed to the theoretical limitations, neglecting the effect of aerodynamic resistance. The inability of ST, CO, JA, IS, and GA rc models to estimate daily ET with original parameters was due to the inadequacy of these parameters, attributed to differences in crop types and significant variations in environmental factors, especially regional climatic water conditions (Forster et al., 2022). Therefore, using these models to estimate ET required parameter calculation.




3.2.2 rc models with calibrated parameters

The scatter plot of the daily ET estimated by the PM equation with seven rc models (excluding the FA and TD) with calibrated parameters against BREB measurement is shown in Figure 7. It could be clearly seen that scatter plots of rc models were closer to the 1:1 line after calibration, indicating a significant correlation between measured values. Compared to using original parameters, seven rc models (except the FA and TD) performed better after recalibration. d increased from 0.69–0.93 to 0.86–0.93 with the average d value increasing by 13.8%. R2 increased from 0.7–0.83 to 0.78–0.85, with the average R2 increasing by 19%, indicating improved stability and reliability of the rc models. The PM-KP obtained the highest correlation, while the PM-MT had the lowest.

[image: Seven scatter plots compare ET(PM) from different models (ST, CO, KP, JA, IS, GA, MT) against ET(Bowen) across four time periods (2018-2023). Each plot has a regression line, model equation, and R² value. Data points are differentiated by shape and color for each year group.]
Figure 7 | Scatter plot of daily ET (mm d−1) between seven PM-rc models ((A) PM-ST, (B) PM-CO, (C) PM-KP, (D) PM-JA, (E) PM-IS, (F) PM-GA and (G) PM-MT model) after calibration estimation against BREB measurement (except for FA and TD models).

Five rc models (PM-CO, PM-JA, PM-IS, PM-GA, and PM-MT) underestimated the daily ET values, with the regression slopes ranging from 0.62 to 0.96, averaging 0.81 (Figures 7B, D–G). MBE values ranged from −0.70 to 0.01 mm d−1, averaging −0.26 mm d−1, with the PM-MT having the largest underestimation and the PM-CO having the smallest (Figure 6). The underestimated rc models produced RMSE values ranging from 1.12 to 1.34 mm d−1, averaging 1.25 mm d−1 (Figure 6), according to their RMSE ranked as PM-CO > IS > GA > JA > MT. The RMSE values were 16.25%–91.64% lower than using the original parameters, averaging 41.16%, indicating that the accuracy of rc models has been improved.

PM-ST and PM-KP showed a light trend of overestimation with regression slopes of 1.14 and 1, respectively (Figures 7A, C). The PM-ST model obtained a better MBE value, while the PM-KP model performed better in terms of RMSE. Their MBEs were 0.00 and 0.29 mm d−1, and the RMSE values were 1.20 and 1.12 mm d−1, respectively (Figure 6). It was worth noting that the RMSE of PM-ST model increased by 3.4%, while the PM-KP model only decreased RMSE by 0.88%, suggesting that the accuracy has not improved.

As described above, the performance of the nine rc models, based on RMSE values (Figure 6), was ranked as PM-FA > CO > KP > ST > IS > GA > JA > MT > TD. The performance of the first eight models was acceptable. Although parameter recalibration could reduce the RMSE value of the rc model, they were still higher than that of the PM-FA model. However, this process significantly improved the regression slope of the models. The FA model’s RMSE still performed better than others after parameter correction. Ortega-Farias et al. (2004) and Ortega-Farias et al. (2006) also indicated that the PM-FA model accurately estimated ET for soybean and tomato. However, the regression slope of the PM-FA was the second to last among the eight acceptable models, possibly because it was an empirical method and failed to consider the effect of water stress condition. Unlike with the previous research (Li et al., 2015), the FA model systematically overestimated maize and grapevine ET, with RMSE exceeding 7 mm d−1 during both low and high LAI stages. This overestimation was primarily due to the underestimating canopy resistance, particularly during the sparse canopy stage. While the model accounted physiological control on resistance, it failed to consider the restrictive effects of soil.

The PM-CO, IS, and JA rc models exhibited significant errors before parameterization but achieved satisfactory accuracy afterward (Figures 5–7). The PM-CO simulated maize and vineyards more accurately than in Li et al. (2015), with an RMSE 31.3% lower than theirs. Although the PM-CO model had good accuracy, it involved the most complicated calculation process among all rc models and required the most meteorological parameters. The difficulty of obtaining these data should be considered in practical applications. The successful application of the PM-IS model in this study was consistent with Howell et al. (1997) for wheat, with an RMSE reduction of 18.3%. However, the RMSE for corn and sorghum increased by 29.2% and 57.5%, respectively. This may indicate that the PM-IS model was more suitable for estimating ET of crops with higher plant height and greater canopy temperature differences.

Compared with Zhang et al. (2008) and Li et al. (2015), the accuracy of the PM-JA model has improved, but it was still inferior to other models and ranked last among all acceptable models. Zhang et al. (2008) indicated that the PM-JA model overestimated the vineyard daily ET in an arid desert region of northwest China and was inaccurate after rainfall. The JA model presented uncertain results during the partial canopy stage but simulated ET accurately under the full canopy (Li et al., 2015). This may explain the larger overall RMSE, which also showed that the accuracy of model estimation was not related to the model’s complexity.

For both the PM-KP and ST models, parameterization appeared to be unnecessary. The reduction in RMSE after calibrating the KP model calibration was not negligible, with only a 0.01 difference before and after calibration. This indicated that parameter recalibration did not enhance the KP model’s accuracy, though it did achieve an optimal linear regression slope (value = 1), consistent with Rana et al. (2012). Compared to the simulations of tomato, maize, canola, and tea by Rana et al. (2012); Srivastava et al. (2018); Liu et al. (2012), and Zhang et al. (2022a), the RMSE increased by 43.8%, 66.9%, −3.6%, and 8.9%, respectively, indicating that parameter calibration did not improve accuracy. The PM-ST model’s RMSE was identical to that reported by Xing et al. (2024) for the kiwifruit. However, parameter correction did not improve its accuracy; instead, it slightly increased the RMSE. Nevertheless, the regression slope, d, and MBE values were improved. This may be due to significant annual variations, with 2 years of overestimation and 2 years of underestimation, leading to a slight increase in RMSE.

The PM-GA and MT models still exhibited some significant errors even after parameter calibration, but their results were better than those of the TD model, which did not require correction. In the GA model, the maximum stomatal conductance was set as a constant value. However, in the natural environment, this parameter dynamically fluctuated in response to climatic variations. This discrepancy may contribute to the observed significant underestimation of the GA model (García-Santos et al., 2009; Xu et al., 2021). Similar to the GA model, the MT model also underestimated ET due to its overestimation of rc and the uncertainty of nighttime rc. Therefore, these two models should be used with caution.

Although the PM-FA, KP, and ST models can estimate daily ET of winter wheat regardless of whether they were calibrated or not, they each had limitations. Without parameterization, these three models noticeably underestimated daily ET. In this study, calibrating the KP and ST models appeared redundant, as the RMSE of the KP model decreased by only 0.01 mm d−1, while that of the ST model increased by 0.04 mm d−1 after calibration. In comparison, the errors did not improve and even worsened in some cases. Based on the results of Yan et al. (2020), the KP model, originally applied in humid conditions, can still be effectively used under the semiarid conditions of this study. Additionally, the PM-CO, IS, ST, GA, JA, and MT models, similar to previous studies, required parameter calibration before they were used to estimate ET. However, these models required more parameters or meteorological data compared to the KP model. The FA model did not require parameterization, which often demanded extensive soil moisture data, making it useful when parameter calibration was not feasible without measured ET values.





3.3 Comparison of seasonal ET



3.3.1 rc models with original parameters

In order to analyze the seasonal cumulative ET of winter wheat simulated by PM with different rc models, this study divided the entire growth period of winter wheat into three stages: the seeding period in October and November, the wintering period from December to February of the following year, and the rapid growth period from March to June. The seasonal ET of winter wheat during the seeding, wintering, and rapid growth periods over four growth years, observed using the BERB method, ranged as follows: 50.07 to 98.35 mm with an average of 79.42 mm for the seeding period, 12.56 to 44.2 mm with an average of 27.05 mm for the wintering period, and 251.8 to 409.7 mm with an average of 359.34 mm for the active growing period. Throughout the entire reproductive period, the proportion of total ET was 10.6% to 25.69% during the seeding period, with an average of 17.37%; 2.66% to 9.10% during the wintering period, with an average of 5.91%; and 65.80% to 86.74% during the rapid growth period, with an average of 76.72%.

To compare winter wheat seasonal ET across different growth stages, the differences between BREB observations and PM combined rc model estimations over 4 years are shown in Figures 8 and 9. Over the entire growth period, the PM-ST and PM-GA rc models consistently underestimated seasonal ET. The total ET differences between the two rc models applied in PM and the BREB measurements varied from −197.12 to 12.27 mm, with an average of −103.59 mm (Figure 8). The MBE and RMSE for the PM-ST and GA models were −152.06 and −115.79 mm, and 157.05 and 121.23 mm, respectively (Table 2). The other seven rc models (i.e., PM-CO, KP, JA, IS, MT, FA, and TD) overestimated seasonal ET. The differences in ET between these seven rc models applied in PM and the ET determined by the BREB ranged from −95.33 to 603.52 mm, with an average of 257.65 mm (Figure 8). The MBE values varied from 2.83 to 530.47 mm (Table 2), with the PM-MT model performing the best and the PM-CO model performing the worst. The RMSE values ranged from 29.79 to 535.26 mm (Table 2), based on performance that decreased according to FA > MT > KP > JA > TD > IS > CO.

[image: Four bar graphs labeled (A) to (D) show differences between Bowen and T-models over four years (2018-2023) across seeding, wintering, rapid, and total growth stages. The vertical axis measures differences in millimeters, and several color-coded categories (e.g., ST, CO, KP) represent different conditions or treatments. Each graph shows fluctuations, with various stages showing both positive and negative differences.]
Figure 8 | The difference between the seasonal ET measured by BREB and estimated by the PM equation combined with nine rc models of winter wheat using original parameters in (A) 2018-2019, (B) 2019-2020, (C) 2021-2022 and (D) 2022-2023 growth season.

[image: Bar charts representing the difference in measurements between Bowen and other models over four growth periods: seeding, wintering, rapid growth, and total, for the years 2018-2019, 2019-2020, 2021-2022, and 2022-2023. Seven color-coded bars per chart represent different models: ST, CO, KP, JA, IS, GA, and MT. Each chart shows variations for each growth period with units in millimeters.]
Figure 9 | The difference between the seasonal ET measured by BREB and estimated by the PM equation combined with seven rc models of winter wheat after parameter calibration (except for FA and TD models) in (A) 2018-2019, (B) 2019-2020, (C) 2021-2022 and (D) 2022-2023 growth season.

Table 2 | Comparison of the mean bias error (MBE, mm) and root mean square error (RMSE, mm) of seasonal accumulated ET of winter wheat by different rc models with original parameters and after parameter calibration at different growth stages.


[image: A table comparing original and calibrated parameters across different models and growth stages. Columns include model type, stage, and parameters like mean bias error (MBE) and root mean square error (RMSE) for seeding, wintering, rapid growth periods, and total evapotranspiration (ET). Values are provided for each parameter under original parameters and parameter calibration.]
During the seeding period, the PM-ST, KP, JA GA, MT, and FA models underestimated ET, with MBE ranging from −63.88 to −8.64 mm (averaging −29.19 mm) and RMSE ranging from 18.63 to 67.05 mm (averaging 35.55 mm). The PM-CO, IS, and TD models overestimated ET, with MBE values of 48.64, 84.51, and 79.33 mm, and RMSE values of 52.57, 60.13 and 89.75 mm, respectively (Table 2). The average RMSE values during the seeding period were nearly half of the measured ET. This funding was similar to that of Sun et al. (2007), who suggested that rc models showed large errors during the sparse canopy stage or when the LAI was less than 2. However, in this study, the errors were even larger.

During the wintering period, when ET was at its lowest, the ST, JA, and MT models underestimated ET, while the other models overestimated it. The MBE values ranged from −3.68 to 135.47 mm, with an average of 44.46 mm, and the RMSE values ranged from 12.98 to 139.04 mm, with an average of 56.29 mm (Table 2). Although these average values were larger than the measured values, the accuracy of the rc models without parameter calibration did not rely heavily on this stage, as ET during this period accounted for only an average of 5.91% of the total ET, which was consistent with the findings of Gharsallah et al. (2013).

All rc models recorded their highest RMSE during the rapid growth period, ranging from 57.93 to 375.27 mm, with an average of 186.87 mm. Among these, the FA model performed best and the CO model performed worst, indicating that the rapid growth period was the stage with the least accuracy in estimating ET. Over- or underestimation at this stage did not determine the overall ET estimation trend, as seen with the MT model. The ST, FA, and GA models underestimated ET during this period, with MBE values of −71.31, −21.80, and −123.10 mm, respectively. Among these, the FA model performed the best and the GA performed the worst. The other six rc models overestimated ET, with MBE values ranging from 54.62 to 371.6 mm (Table 2).

Without parameter calibration, the PM-FA, PM-MT, and PM-KP models were acceptable on a seasonal scale, mainly due to their excellent performance during the rapid growth period. They exhibited both over- and underestimation across the three growth periods, resulting in the total ET errors offsetting each other. The FA model performed perfectly in all years (Figure 8) and achieved the best RMSE values (Table 2). The FA model relied on the climatic factors and soil water, which was a function of soil moisture and ri, and was defined as the water vapor transfer from the soil and plants to the atmosphere (Chen et al., 2022). Due to the inclusion of the moisture content factor, it better reflected the early stage of soil ET. The RMSE of the KP and MT models were acceptable; however, the differences between KP model and BREB for the 2019–2020 and 2022–2023 periods were 112.71 and 99.35 mm, respectively. Additionally, the differences between the MT model and BREB for the 2021–2022 and 2022–2023 periods were −95.33 and 95.11 mm, respectively. These discrepancies seemed unacceptable for practical estimation applications (Figure 8). Therefore, the KP and MT models without calibration should be used with caution in seasonal ET assessments.

It was noteworthy that the MT model was rejected on the uncalibrated daily scale, while the ST was accepted on the daily scale but rejected on the seasonal scale. This suggested that the rc model, which estimated ET on the daily scale, may not be suitable for estimating seasonal ET, as the same model performed differently at different scales (Howell et al., 1997). This phenomenon may be attributed to variations in climate conditions across years and the differing performance of models at various growth stages of winter wheat. Interestingly, over- and underestimation at different stages can offset each other, improving the overall reproductive cycle results. The MT model performed well on the seasonal scale because it underestimated seeding period daily ET and overestimated it during the rapid growth period (Figure 8), causing the total ET errors to cancel each other out. The ST model significantly underestimated the daily ET across all three growth stages (Figure 8 and Table 2). The accumulation of these large errors resulted in total seasonal ET estimation, indicating that consistent estimation trends across growth stages can lead to larger errors in total ET.

The rejection of the six unacceptable models (i.e., ST, CO, JA, IS, GA, and TD) was primarily due to their poor performance during the rapid growth period (Figure 8 and Table 2). Unlike in previous studies, Liu et al. (2011); Chen et al. (2022); Xing et al. (2024); Li et al. (2015); García-Santos et al. (2009), and Xing et al. (2024), the TD, JA, IS, and CO models significantly overestimated ET during this stage, while the GA and ST models significantly underestimated it. All of the unacceptable models exhibited the worst accuracy during the rapid growth stage, with severe overestimation or underestimation sometimes exceeding twice the ET value at this stage (Table 2). This indicated that the accuracy of seasonal ET estimation primarily depended on this period.




3.3.2 rc models with calibrated parameters

After parameter calibration, six rc models (i.e., ST, KP, JA, IS, GA, and MT) underestimated the total seasonal ET. The total ET differences between these models and the direct determination method ranged from −235.31 to 74.88 mm, with an average of −68.76 mm. Among them, the ST model obtained the best average value, while the MT model had the worst (Figure 9). The MBE values varied from −179.93 to −1.13 mm (Table 2), with the ST model performing the best and the MT model performing the worst. The positive and negative MBE values on the seasonal scale were entirely consistent with the regression slope. Unlike on the daily scale, there was no instance where the MBE was greater than 0 but the slope was less than 1. The RMSE values ranged from 41.68 to 184.50 mm, with an average of 80.77 mm (Table 2). The models ranked by RMSE were as follows: KP > IS > ST > GA > JA > MT. Only the CO model generally overestimated the seasonal total ET, with differences from the BREB method ranging from −51.84 to 28.11 mm and an average of 2.36 mm (Figure 9). Its MBE value of 2.36 mm was second only to the ST model, and its RMSE of 32.18 mm was the best among all rc models (Table 2).

Parameter calibration did not improve the accuracy of all rc models across all growth stages. The RMSE values of the KP, JA, GA, and MT models during the seeding period, JA and MT models during the wintering period, and ST and MT models during the rapid growth period were 2.51%–94.74% higher than those of the uncorrected models. In contrast, the accuracy of the rc models improved in other situations, with RMSE values decreasing by 9.69% to 91.75%. Except for the MT model, the MBE values for the three growth stages improved, indicating that the degree of overestimation or underestimation was reduced, resulting in more accurate estimation.

The ability of the rc model to estimate seasonal ET depended on the simulation results during the rapid growth period. Six rc models were accepted, with only the MT model being refused based on the RMSE values. The performance of the rc models was clearly better than before, with the RMSE value reduced by 68.18%, indicating that the recalibration process significantly improved the accuracy of the rc models, except for the MT model (Figure 9 and Table 2). This improvement was attributed to better estimation results during the rapid growth period compared to previous results (Li et al., 2014). It should be noted that the underestimation occurred during the seeding stage, and the estimation error during this stage was primarily attributed to significant heterogeneity in water vapor transport within the model (Li et al., 2015). Compared to the daily scale, the accuracy of estimating seasonal ET was higher, consistent with findings by Gharsallah et al. (2013). This may be because the high and low ET estimation canceled each other out over the long-term growth period, making the cumulative seasonal ET close to the measured value (Irmak and Irmak, 2008).

The CO model showed better simulation results in the early stages of growth. This improvement was primarily because the CO followed the resistance law of fluid transfer, coupling the resistance of plants and soil into the overall canopy resistance. It accounted for the combined limiting effects of vegetation and soil on surface water transfer, and providing an accurate estimate of average surface resistance (Li et al., 2015). The FA model ranked second to the CO model. Although it still underestimated seasonal ET as it did on the daily scale, its results were better than those for daily ET estimation.

During the calibration of KP and IS model parameters, VPD had the greatest influence, making it the primary factor affecting the model error. However, when the VPD value was less than 2 kPa, the model error was minimal (Yan et al., 2020). During the seeding and wintering period, the VPD was generally below 2, resulting in better simulation results for these two models.

The GA model was rejected on the daily scale but accepted on the seasonal scale. As a function of Rn and VPD, it performed well during the seeding and wintering periods, and its results for the rapid growth period were also acceptable. Therefore, it can be used to estimate seasonal ET.

The accuracy of the ST model improved during the seeding and the wintering periods. However, its RMSE value increased during the rapid growth period, shifting from underestimation to overestimation. The combined effects of the seeding and the wintering periods improved the overall results, leading to a 64.39% reduction in RMSE.

The ST, JA, and MT models had large errors in estimating ET during the seeding and wintering periods because they all belonged to the JA-type model, which upscaled leaf-level resistance to canopy-level resistance (Lhomme, 2001; Wei et al., 2013). However, during these two growth periods, the LAI value was less than 1, leading to significant underestimation of ET due to the exposed surface. The ST and JA models slightly overestimated ET during the rapid growth period, but the rapid development of winter wheat during this period led to higher ET. The slight overestimation during this period essentially offset the serious underestimation during the seeding and wintering periods, resulting in a slight overestimation in the 4-year daily scale regression, but a more accurate simulation of the seasonal accumulation. Compared with the ET simulated by the JA-type rc models used by Liu et al. (2020) in the seeding period, wintering period, green period, and maturity period, MBE and RMSE increased.

The MT model consistently underestimated ET across all three growth periods, while the TD model consistently overestimated it, leading to significant overall errors. Therefore, these two models were not suitable for studying winter wheat water consumption in this region at seasonal scale. Notably, the MT method was rejected after calibration due to its significant underestimation of ET during the seeding and rapid growth periods. During the early stages of crop development, the soil surface was nearly bare, and soil evaporation dominated the entire ET process. The assumption of the large leaf model led to significant errors (Wu et al., 2022). The significant overestimation by the TD model may be due to its sensitivity to VPD values, particularly when VPD ranged from 1.5 to 4 kPa. Additionally, research has shown that the TD model cannot be reliably applied at night (Yan et al., 2022).

In summary, after calibration, only the CO model outperformed the FA model, while the other models still performed worse. However, when comparing the calculation processes, it was clear that the FA model was much simpler than the CO model and did not require parameter calibration. The FA model was the most suitable method for seasonal ET estimation unless extremely high accuracy was required. When the FA and CO models lacked the necessary meteorological factor, the IS, GA, JA, ST, and KP models can be used to estimate seasonal ET based on known meteorological data.






4 Conclusions and recommendations

The parameter calibration process significantly improved the stability and reliability of rc models in estimating ET on both daily and seasonal scales. After calibration, the average RMSE was reduced by 29.03% and 68.18%, respectively, with the rc model showing greater accuracy in simulating ET on a seasonal scale compared to a daily scale.

The rapid growth period was the primary stage of winter wheat water consumption. Although overestimation or underestimation during this period did not solely determine the overall trend, the accuracy of rc model estimation heavily depended on this period. The estimation of ET during the wintering period had little impact on overall accuracy. Underestimation of ET typically occurred during the seeding stage.

The simulation effects of nine canopy resistance models on winter wheat ET were examined. Among the models that did not require parameter calibration, the FA model provided accurate ET estimated on both daily and seasonal scales, while the TD model exhibited large errors and was not recommended. Without parameter calibration, the KP and ST models were suitable for daily scale use, while the KP and MT models were suitable for seasonal scale use. After calibration, the CO, KP, ST, IS, GA, JA, and MT can be used at the daily scale, while the CO, KP, IS, ST, GA, and JA were suitable for the seasonal scale (listed in order of increasing RMSE values). Model complexity did not directly correlate with the accuracy of ET estimation; a more complex model did not necessarily yield better results. Whether using original parameters or after calibration, the FA model consistently ranked in the top two and could be used in any scenario due to its simpler calculation process. It was recommended to select the most suitable model based on known meteorological data, model complexity, and simulation accuracy. This study demonstrated that the FA and KP models, after calibration, were recommended for estimating daily and seasonal ET in semiarid regions using the PM equation. The CO, GA, ST, IS, and JA models can also be considered as alternatives when sufficient meteorological data were available. Nonetheless, this study also presented some limitations. It did not thoroughly explore the relationship between rc simulated by the canopy resistance model and rc inferred from that measured by BREB. Additionally, further investigation was needed to understand the inaccuracies of the rc models and identify the key factors influencing the accuracy of canopy resistance models.
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Compared with long-term and continuous application of large amounts of chemical fertilizers, fertilizers with microbial organic nutrient sources can improve soil environment, increase soil fertility and increase crop yield. In view of the current low soil fertility and poor soil environment leading to low crop yield and instability in the arid regions of northwest China, the effects of organic fertilizer with microbial nutrient sources on soil nutrients and pumpkin yield were studied in 2022 and 2023 in this region. The fertilizer application level was used as control factor, with four treatments of low level (L), medium level (M), high level (H), and a conventional fertilizer control (CK). The results showed that the high application level of organic fertilizer was more beneficial to the growth of pumpkin, and the stem diameter, vine length, and leaf area of pumpkin under H treatment were the highest from 2022 to 2023. Compared to CK, the average soil bulk density was significantly decreased by 8.27–18.51% (P< 0.05); the soil organic carbon, available phosphorus, available potassium, and nitrate nitrogen under H treatment were increased by an average of 32.37%, 21.85%, 18.70%, and 36.97%, respectively. Under different organic fertilizer treatments, the pumpkin yield under M treatment was the highest, reaching 30926.18 kg·ha-1, followed by H treatment. compared to CK, M and H treatments increased the yield by 25.26% and 7.01%, respectively, and improved water use efficiency by 14.18% and 2.21%, respectively. Redundancy analysis (RDA) of soil nutrients, pumpkin growth dynamics and yield in 2022 and 2023 showed that soil organic carbon, available phosphorus, available potassium, nitrate nitrogen, and water use efficiency were significantly positively correlated with pumpkin yield (P<0.01). In conclusion, H and M treatments can improve soil fertility promote pumpkin growth and development, and ultimately increase pumpkin yield. In summary, medium organic fertilizer level (M=5700 kg·ha-1) is recommended as the fertilization scheme for local pumpkin cultivation.




Keywords: organic fertilizer, soil bulk density, soil organic carbon, soil NPK, pumpkin yield




1 Introduction

In the current, water scarcity, scarce rainfall, and low soil fertility have been the major limiting factors in achieving high and stable crop yields in the arid areas of Northwest China (Xue et al., 2017; Zhang et al., 2023; Zong et al., 2023). How to improve soil fertility and increase crop yields under limited water resources is a long-term technical challenge in agricultural production of the region (Zhang et al., 2018b; Li et al., 2023). Among them, fertilization played an important role in soil fertility and crop yields, being one of the most fundamental measures to enhance farmland productivity (Li et al., 2020a). However, long-term and sustained application on large amounts of chemical fertilizers could have adverse effects on soil properties, leading to a decrease in fertilizer efficiency (Cui et al., 2020; Santiago et al., 2019), with soil nitrate accumulation and other ecological problems. As an alternative to chemical fertilizers in the process of green and sustainable agriculture development, microbial organic fertilizers could improve soil environment, increase soil fertility, and enhance crop yields (Wei et al., 2016). Hence, there is a current emphasis on researching the impact of organic fertilizers on soil fertility and crop yields is currently a hot topic and focus of farmland studies in the arid areas of Northwest China, which holds significant academic value.

Numerous studies have shown that the increased application of organic fertilizers could improve soil fertility, enhance ecological environment, and increase crop nutrient absorption and utilization efficiency (Wang et al., 2019; Mihoub et al., 2023). Improving plant growth and promoting crop yield played an important role in the sustainable utilization of soil, on the premise that it would not have any adverse effects on the agricultural ecosystem (Iqbal et al., 2019; Fawzy et al., 2016). Organic fertilizers could enhance soil fertility by activating microorganisms, improving soil structure, and increasing soil water retention. Over time, organic fertilizers slowly and continuously release nutrients for crops (Ünlükara et al., 2022). Applying organic fertilizers had natural advantages in improving soil compaction, enhancing soil fertility, promoting crop growth, and increasing crop yield (Zhang et al., 2018a). Substituting some chemical fertilizers with organic fertilizers could significantly increase crop yield (Liu et al., 2021a; Li et al., 2021c; Li et al., 2018). Zhou et al. found that crop yield increased by 26.4–44.6% under organic fertilizer treatment (Zhou et al., 2022). It was also found that organic fertilizers had a promoting effect on crop growth and yield increase (Alharbi et al., 2021; Salman et al., 2023). Soil organic carbon content increased with the application of organic fertilizers (Zhao et al., 2024). Applying organic fertilizers increased soil organic carbon content by 13.30–40.56% (Zhang et al., 2022), and decreased soil bulk density by 4.0–5.6% (Duan et al., 2023). Compared to traditional fertilization methods, organic fertilizers could effectively promote crop growth, significantly increase plant height, stem diameter, and fruit setting rate, and enhance crop yield by 22.0% (Jiang et al., 2022). The application of organic fertilizers could increase the yields of leafy vegetables and fruit vegetables by 76.44% and 41.75%, respectively. Long-term application of organic fertilizers was more beneficial for vegetable yield, and organic fertilizer application in general significantly increased the yield by 44.11% in China (Xiang et al., 2022). The research on the utilization of organic fertilizers is anticipated to significantly improve soil environment, enhance soil fertility in farmland, and carry important practical significance for achieving high and stable yields. This study addresses the challenges of declining soil fertility, decreased crop yields, and low efficiency in fertilizer use resulting from prolonged application of single chemical fertilizer in the regions.

Pumpkin is a crop for both food and vegetable, with rich nutrition and high medicinal value. It also has characteristics of barren resistance, drought resistance, and strong adaptability, one of the suitable crops to increase economic output in the arid regions of Northwest China (Ta et al., 2016; Zang et al., 2017). Soil nutrients play an important role in growth, development, and high yield of pumpkins (Zhang et al., 2020). Bacillus subtilis in organic fertilizers is widely present in soils under various natural conditions. It can enhance the decomposition rate of organic fertilizers, promote the absorption of nutrients to plant roots system, accelerate plant growth, and ultimately increase yield (Wei et al., 2011). In conclusion, most researches on the substitution of organic fertilizers for chemical fertilizers mainly focused on grain crops, while limited studies on its impact on the spatial and temporal distribution and transport of soil nutrients in pumpkin fields, as well as the growth status and yield of pumpkins. Therefore, the present study aims to investigate the influence of organic fertilizer application on pumpkin growth characteristics. It is hypothesized that the impact of organic fertilizer application on the temporal and spatial transport of soil nutrients in pumpkin farmland would be obtained. Additionally, the main soil nutrient factors regulating pumpkin yield and growth characteristics would be identified, with the goal of providing scientific guidance fertilization application to enhance pumpkin productivity in the arid regions of Northwest China.




2 Materials and methods



2.1 Study site

The experiment was conducted at the Minqin Irrigation Experimental Station of Gansu Water Conservancy Science Research Academy in 2022 and 2023. The station is located approximately 13.5 km north of Minqin County, Gansu Province, China (103°05’ E, 38°37’ N), as shown in Figure 1. The region is situated at the junction of an oasis and the Tengger Desert, characterized by a typical continental desert climate, with dry conditions, scarce precipitation, high evaporation, abundant wind and sand, and frequent natural disasters. In this region, the annual average air temperature is 7.8°C, with its extreme maximum of 39.5°C and extreme minimum of -27.3°C. Years of average humidity is 45%, annual average precipitation is 110mm, with average evaporation of 2644mm. There are also abundant light and heat resources, with annual sunshine hours of 3028 h, accumulated temperature ≥ 0°C of 3550°C, accumulated temperature ≥ 10°C of 3145°C, the frost-free period of 150 days. And the maximum frozen soil depth is 115cm. The cultivated soil in the experimental area (0–60cm) is clay loam, gradually transitioning to sandy loam below 60 cm, with an average soil bulk density of 1.54 g·cm-3. The detailed physical and chemical properties of the experimental field soil were referred in Table 1.

[image: Map and photographs depicting an agricultural study area. Panel (a) shows a topographical map with elevation, highlighting the experiment station marked by a red star. Panel (b) includes an overhead satellite view of the field, areas labeled CK, H, M, and L, followed by three images showing workers in the field, a field of crops, and close-up of green pumpkins.]
Figure 1 | (A) Geographical location of the experimental site; (B) experimental design and scenes of trial plots establishment, treatment arrangement and field management.

Table 1 | Soil physical and chemical properties in experimental area.


[image: Table displaying soil properties by depth, showing values for bulk density, field water retention, organic matter, available phosphorus, available potassium, alkaline hydrolyzed nitrogen, and total nitrogen across depths of 0–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, and 80–100 cm.]



2.2 Experimental materials

The test crop is pumpkin, and the test variety is “Sweet Pumpkin” (produced by Gansu Delongyuan Agricultural Science and Technology Co., Ltd., CHN). The organic fertilizer for the test is produced by Lanzhou Xindali Water Fertilizer Integration Service Co., Ltd., with effective fertilizer components: N+P2O5+K2O ≥ 18%, effective bacteria (Bacillus subtilis + Bacillus licheniformis) ≥ 0.5 billion/ml, amino acids ≥ 3%.




2.3 Experimental design and soil sampling

In the experiment, the organic fertilizer application amount was selected as the control factor, with 4 levels being set at low (L=4500 kg·ha-1), medium (M=5700 kg·ha-1), high (H=6900 kg·ha-1), and control (CK, was the conventional chemical fertilizer application level of local farmers), respectively, replicated 3 times with 12 plots. The fertilizer application was divided into basal fertilizer before sowing and top dressing fertilizer twice during the growth period of pumpkin. At the low, medium, and high levels of organic fertilizer, basal fertilizer was applied of 3900 kg·ha-1, 4800 kg·ha-1, and 5700 kg·ha-1, with top dressing fertilizer at 300 kg·ha-1, 450 kg·ha-1, 600 kg·ha-1 each time, respectively. However, at the CK, base fertilizer of diammonium phosphate 300 kg·ha-1 and urea 450 kg·ha-1 were applied, with topdressing twice and urea 300 kg·ha-1 each time. The experiment was designed according to randomized blocks, with an area of 75 m2 (30 × 2.5 m) and furrow irrigation in each plot. Sowing was carried out at a density of 200 cm in furrows, 50 cm in rows, 30 cm in plant spacing, with one furrow and one film in two rows. During the experimental period, the irrigation regime was the same for each treatment throughout the pumpkin growing period. The experimental design protocol is detailed in Table 2, the division of the pumpkin growing period, was referred to Table 3.

Table 2 | Experimental treatment design.


[image: Table showing four treatments (L, M, H, CK) with details on fertilizer dosages and irrigation. Treatments L, M, and H use 3,900, 4,800, and 5,700 kg/ha of solid organic fertilizer, respectively, with additional liquid organic fertilizer of 300, 450, and 600 kg/ha. Treatment CK uses diammonium phosphate (300 kg/ha) and urea (450 kg/ha) with 300 kg/ha of additional urea. All treatments have two top dressing times, three irrigation times, and an irrigation quota of 525 m³/ha.]
Table 3 | Division of growth period.


[image: Table comparing plant growth periods for 2022 and 2023. Germination: 2022 (April 29-May 11), 2023 (May 8-18). Seedling: 2022 (May 12-27), 2023 (May 19-June 4). Vine growth: 2022 (May 28-June 20), 2023 (June 5-20). Flowering: 2022 (June 21-July 12), 2023 (June 21-July 13). Maturity: 2022 (July 13-August 11), 2023 (July 14-August 14).]



2.4 Soil sample collection and physicochemical properties determination



2.4.1 Soil sample collection

In 2022 and 2023, soil samples were collected during the germination period (G), seedling stage (SE), vine extension period (SP), flowering stage (F), and maturity period (M) of pumpkins. For each organic fertilizer treatment plot, soil samples were collected from the 0–100 cm soil layer at three locations with an “S” shaped distribution, stratified at 20 cm intervals. After removing rocks and plant residues, the remaining soil was stored in sterilized plastic containers to determinate soil physical and chemical properties.




2.4.2 Determination of soil bulk density

The soil bulk density is determined by the ring knife method. A representative undisturbed soil sample is cut with a ring knife of a certain volume, filled with soil, and the mass of dried soil (at 105°C) per unit volume is calculated as the bulk density of the soil, as shown in the formula below (Zhang et al., 2020):

[image: Mathematical equation depicting y equals open parenthesis m sub two minus m sub one close parenthesis divided by V, labeled as equation one in parentheses.]

Where, γ is bulk density of soil, g/cm3; m1 is mass of the ring knife, g; m2 is mass of ring knife plus dried soil, g; V is volume of the ring knife, cm3.




2.4.3 Determination of soil nutrients

Soil organic carbon was determined by potassium dichromate oxidation–spectrophotometric method, using soil organic carbon analyzer of LH–SOC 350 (Beijing Lianhua Technology, ChN) (using the M–02 calibration curve with a value of 10.80). Available phosphorus in soil was determined by sodium bicarbonate extraction–molybdenum antimony anti–colorimetric method. Available potassium in soil was determined by ammonium acetate extraction–flame photometry method. Soil nitrate nitrogen content was determined by ultraviolet spectrophotometric colorimetric method.





2.5 Growth characteristics analysis method



2.5.1 Logistic curve fitting of pumpkin growth dynamics

Logistic equation was used to fit dynamic changes of pumpkin growth indicators during the reproductive period, with the equation as (Tung et al., 2019):

[image: Equation displayed as \( y = k / [1 + a \cdot e^{-b \cdot n}] \), labeled as equation two.]

Where, y is stem diameter (mm), vine length (cm), leaf area (cm2) of pumpkin at the moment time t; t is number of days after emergence, d; k is theoretical maximum growth value; a, b are both constants.

By differentiating the logistic equation, the start time of pumpkin rapid growth (T1, in days), the end time of rapid growth (T2, in days), the time to reach the fastest growth rate (T0, in days), and the fastest growth rate [Vmax, mm/cm/cm2/d] can be obtained, with the calculation formulas for each parameter as follows (Tung et al., 2019):

[image: The formula depicted is \( T = \ln(a(2 - \sqrt{3}))/b \), labeled as equation (3).]

[image: Equation labeled 4, showing \( T_s = \ln[a(2+\sqrt{3})]/b \).]

[image: The image shows the mathematical equation \( V_{\text{max}} = kb/4 \) followed by the number (5) in parentheses.]

[image: Mathematical equation with the expression: \( T_0 = \ln(a/b) \), numbered as equation six.]

[image: Mathematical equation showing \( V_T = \Delta y - \Delta T^2 = (y_2 - y_1)(T_2 - T_1) \). Equation labeled as number 7.]

Where, VT represents the period when 65% cumulative growth occurs, defined as the rapid accumulation period, starting at T1 and ending at T2; other symbols as above.




2.5.2 Water use efficiency

The water use efficiency is calculated as (Fernández et al., 2020):

[image: Water Use Efficiency (WUE) equation is shown as "WUE equals Y divided by ET", where Y represents yield and ET represents evapotranspiration.]

Where, WUE is water use efficiency, kg·ha-1·mm-1; Y is economic yield of pumpkin, kg·ha-1; ET is water consumption during the pumpkin growth period, mm.

Among them, the water consumption during the pumpkin growth period is calculated based on the principle of soil water balance in field, with the formula as follows (Zong et al., 2021):

[image: Equation labeled "(9)" represents the total energy (ET) calculated by subtracting Wf from W0, adding Wa, Pd, K, and M.]

Where, W0 and Wt are the initial and final water storage in the planned wet soil layer during time period t, respectively, mm; WT is the water amount added as the depth of the planned wet soil layer increases, mm, with WT = 0 in this experiment due to the depth of the planned wet soil layer remaining constant; P0 is the effective precipitation, mm; K is the supply amount of shallow buried groundwater to the planned wet soil layer, mm, with K = 0, that is not considered, due to the groundwater level in the experimental area below 20m; M is the irrigation water amount during time period t, mm.




2.5.3 Yield and fertilizer partial factor productivity

Yield measurement at harvest: After pumpkins mature, pumpkin at each plot is harvested individually to determine pumpkin yield and its composition factors. Calculation formula for fertilizer partial factor productivity is (Ierna et al., 2011):

[image: Mathematical equation displayed: PFP equals Y divided by F, labeled as equation ten.]

Where, PFP is the fertilizer partial factor productivity, kg·kg-1; F is the total amount of fertilizer applied, kg·ha-1.





2.6 Data analysis

All data were analyzed using Excel (2021) (Microsoft, USA) and Origin 2017 (OriginLab Corp., USA). One-way analysis of variance (ANOVA) was conducted by SPSS 25.0 (IBM, USA). Mantel correlation analysis of soil nutrients and yield was performed using the linkET package in R language version 4.3.1.





3 Results and analysis



3.1 Effects of organic fertilizer on pumpkin growth and development dynamics

The application of organic fertilizer had a significant dynamic effects on the growth and development of pumpkin (P<0.05), as illustrated in Figure 2. The data indicated that dynamic changes of pumpkin growth were similar over the two years from 2022 to 2023. Taking 2022 as an example, throughout the entire growth process of pumpkins, the trends on stem thickness for each treatment were consistent, as shown in Figure 2A. It was mainly characterized by rapid increase of the stem thickness in the early growth stage, which reached a peak and then slightly decreased due to the continuous loss of stem moisture as the pumpkin gradually matured. Among them, the stem thickness of pumpkins under H treatment was the largest, at 12.89 mm. Figure 2B reflected that vine length showed a stable upward trend during the entire growth period. The level of organic fertilizer application had a significant impact on the vine length of pumpkins (P<0.05), with the sizes of vine length in each treatment being H > M > CK > L. Among them, the H treatment had the largest value of 428.67 cm, representing an increase of 22.10%, 9.45%, and 20.31% compared to L, M, and CK, respectively. The pumpkin leaf area showed a gradual increasing trend at different levels of organic fertilizer application, with a relatively large growth rate from the germination period to the vine elongation period, as shown in Figure 2C. The sizes of leaf areas among the treatments also followed the order of H > M > CK > L. The leaf area under the high-level organic fertilizer treatment was the largest, with an increase of 25.81% compared to the control.

[image: Six line graphs show growth metrics for 2022 and 2023 across five periods labeled G, SE, SP, F, M. Graphs (a) and (d) depict stem diameter. Graphs (b) and (e) show vine growth. Graphs (c) and (f) illustrate leaf area. Four data series L, M, H, CK are compared in each graph.]
Figure 2 | The influence of organic fertilizer on stem diameter, vine length, and leaf area during the growth period of pumpkins in 2022 and 2023. (A–C) represents the changes of stem diameter, vine length and leaf area in the growth period of pumpkin under different treatments in 2022; (D–F) represents the changes of stem diameter, vine length and leaf area in the growth period of pumpkin under different treatments in 2023.

The logistic equation was used to fit the growth dynamics process of pumpkins from 2022 to 2023. The results showed that pumpkins growth throughout the entire growth period conformed to an “S”– shaped growth curve (Table 4). The trends between the maximum relative growth rate and average growth rate of pumpkins for each treatment were consistent. Compared to the control group (CK), the maximum relative growth rates of vine length and leaf area of pumpkins under H treatment increased by an average of 14.12% and 22.56% over two years. In 2022, compared to the CK, the average growth rates of stem diameter, vine length, and leaf area of pumpkins under H treatment increased by 3.96%, 10.31%, and 24.15%, respectively. The rapid growth duration of pumpkin stem diameter and vine length was extended by 1.91% and 9.41%, respectively, while the rapid growth duration of leaf area was shortened by 7.63%. In 2023, under the H treatment, the rapid growth duration of pumpkin stem diameter and vine length increased by 18.66% and 27.35% respectively, compared to the CK treatment. Furthermore, the maximum relative growth rates of stem diameter, vine length, and leaf area of pumpkins occurred 11.95%, 8.58%, and 6.88% earlier than CK.

Table 4 | The logistic equation regression analysis of pumpkin growth dynamics under organic fertilizer treatment.


[image: The table presents data on plant growth indicators over the years 2022 and 2023, including stem diameter, vine length, and leaf area. Treatments labeled L, M, H, and CK are evaluated using logistic equations, with statistical values provided: \( R^2 \), \( V_{max} \), \( T_0 \), \( T_1 \), \( T_2 \), \( \Delta T \), and \( V_T \). The table notes significant differences at \( p < 0.05 \) and \( p < 0.01 \). Definitions of variables and statistical significance are clarified in table notes.]



3.2 Impact of organic fertilizer on soil bulk density

After the application of organic fertilizer, a significant alteration in soil bulk density was observed, exhibiting a consistent pattern of change over the course of two years (Figure 3; Supplementary Table 1). In 2022, the application of organic fertilizer significantly reduced soil bulk density by 10.00–20.67% compared to the CK (P<0.05). With the growing utilization of organic fertilizer, there has been a reduction in soil bulk density, indicating a significant negative correlation between the two. The order of soil bulk density among different treatments was CK > L > M > H, among which there were significant differences between H, M, L and CK (P<0.05), but no significant difference between H and M treatments (P>0.05). In 2023, compared to CK, the application of organic fertilizer significantly reduced soil bulk density by 6.54–16.34%, and there was a significant negative correlation between application amount of organic fertilizer and soil bulk density. It was apparent that the utilization of organic fertilizer could significantly improve soil bulk density.

[image: Four charts depicting soil bulk density data. Chart (a) shows bar graphs comparing treatments L, M, H, and CK, with CK having the highest density. Chart (b) also compares treatments, with CK being the highest. Chart (c) is a scatter plot for 2022, showing a negative correlation between organic fertilizer and soil density (R²=0.789, p<0.01). Chart (d) for 2023 displays a stronger negative correlation (R²=0.935, p<0.001), indicating that increasing fertilizer reduces soil density.]
Figure 3 | Changes on soil bulk density under different levels in different treatment. (A) represents the change of soil bulk density under different treatments; (B) represents the relationship between organic fertilizer and soil bulk density; (C) the relationship between different organic fertilizer contents and soil bulk density in 2022; (D) indicates the relationship between different organic fertilizer content and soil bulk density in 2023. Different lowercase letters indicate significant differences between treatments at the P <0.05 level.




3.3 Effects of organic fertilizer on soil nutrients



3.3.1 Effects of organic fertilizer on soil organic carbon

Figure 4 and Supplementary Table 2 illustrates the impact of applying organic fertilizer on soil organic carbon. The data indicated that in both 2022 and 2023, there was a consistent trend of decreasing organic carbon content in farmland soil as the depth increased. The organic carbon content in the surface soil was significantly higher than that in the subsoil, and the rate of decrease in organic carbon content increased with the increase of soil depth. Under the H treatment, the soil organic carbon content was significantly higher than that under CK treatment (P<0.05). It also gradually increased with the increase of organic fertilizer application amount under different treatments. Taking the maturity stage in 2022 as an example, the rate of reduction in organic carbon content gradually increased with the increase of soil depth, with the decreasing by 11.19%, 20.50%, 27.77%, and 38.16% at each 20 cm interval in 0–100 cm soil layer, respectively. The application of organic fertilizer significantly increased soil organic carbon by 11.83–43.05% compared to CK. In the entire growth period of pumpkins, the soil organic carbon content exhibited a pattern of increasing first and then decreasing, with the order of H > M > L > CK among different treatments. Compared to the germination stage, the soil organic carbon content at the maturity stage increased by 29.62% with H treatment, 23.64% with M treatment, 34.33% with L treatment, while only 5.67% with CK treatment.

[image: Twelve bar charts display soil organic carbon (SOC) percentages at various depths (10 to 100 cm) and growth stages (germination, seeding, sprouting, flowering, maturity) for the years 2022 and 2023. Each chart compares SOC levels across three treatments: CK, L, and H, with labels on bars indicating statistical significance. The charts are organized in two rows, one for each year, showing variation in the SOC percentage for different stages and treatments. Each chart is labeled with corresponding letters (a to f) for reference.]
Figure 4 | Changes on soil organic carbon content at 0 ‒ 100cm soil layers in different periods. The figures (A–F) represent the changes on soil organic carbon content during the germination period, seedling period, vine extension period, flowering period, maturation period, and full growth period, respectively; SOC represents soil organic carbon; different lowercase letters in the figure indicate significant differences between treatments in the same group (P <0.05), the same below.




3.3.2 Effects of organic fertilizer on soil available phosphorus

The changes in available phosphorus content of soil profile during each period under various fertilizer treatments are illustrated in Figure 5 and Supplementary Table 3. In 2022 and 2023, the effects of different fertilization levels on soil profile available phosphorus content were similar, showing a gradual decrease in available phosphorus content with the increasing of soil depth. The decrease rate of available phosphorus content in the 0–60 cm soil layer was significantly higher than that in the 60–100 cm soil layer. It could be observed that the soil available phosphorus content gradually increased with the increase of the organic fertilizers application amount. It under the H treatment was significantly higher than that under the CK treatment (P<0.05). The available phosphorus content in the 0–40 cm soil layer was significantly higher than in the 40–60 cm soil layer, with the soil available phosphorus content in the 0–40 cm soil layer among different treatments showing H > M > L > CK. The soil available phosphorus content during the entire growth period showed an M-shaped variation pattern. Compared to the CK treatment, the available phosphorus content significantly increased by 74.93% under the H level, 30.27% under the M level.

[image: Twelve bar graphs compare soil available phosphorus (AP) at different depths and plant growth stages from 2022 and 2023. Each graph shows levels for CK, L, M, and H treatments across germination, seeding, sprouting, flowering, maturity, and growth periods. The y-axis represents soil depth, while the x-axis indicates AP concentration in milligrams per kilogram. Different letters indicate statistical significance among the treatments.]
Figure 5 | Changes on available phosphorus content at 0 ‒ 100cm soil layers in different periods. AP in the figure represents available phosphorus. (A–F) represent the changes on available phosphorus content during the germination period, seedling period, vine extension period, flowering period, maturation period, and full growth period.




3.3.3 Effect of organic fertilizer on soil available potassium

The impact of organic fertilizer on soil’s available potassium content during the entire growth period of pumpkins in 2022 and 2023 was similar (Figure 6; Supplementary Table 4). The soil available potassium content gradually decreased with the increase of soil depth, increased with the increase of organic fertilizer application amount. The change rate of available potassium content is the highest in the surface soil (0–40 cm), with significantly higher levels under the H and M treatments than that under the control treatment (P<0.05). In the year 2022, for example, the available potassium content increased by 18.00% under H treatment, 9.90% under M treatment, compared to the CK. Throughout the growth period, there were two peaks of the available potassium content, occurring at the seedling stage and flowering stage, with the maximum value at the flowering stage. In particular, the available potassium content reaches its peak at 179.89 mg·kg-1 under the H treatment.

[image: Twelve bar graphs display soil potassium (AK) levels in milligrams per kilogram against soil depth in centimeters during different growth stages in 2022 and 2023. Each graph represents a growth stage: germination, seeding, sprouting, flowering, maturity, and overall growth period. The AK levels vary for four treatment groups: CK, L, M, and H, across different soil depths. Each set of graphs for 2022 is mirrored by a corresponding set from 2023, showcasing changes over the two years.]
Figure 6 | Changes on available potassium content at 0 - 100cm soil layers in different periods.  AK in the figure represents available potassium. (A–F) represent the changes on available potassium content during the germination period, seedling period, vine extension period, flowering period, maturation period, and full growth period.




3.3.4 Effects of organic fertilizer on soil nitrate nitrogen

The impact of organic fertilizer on soil nitrate nitrogen content during the entire growth period of pumpkins in 2022 and 2023 is illustrated in Figure 7 and Supplementary Table 5. With the increase of soil depth, the soil nitrate nitrogen content gradually decreased, and the change rate at the 0–20cm soil layer was obviously larger. The changing patterns at different pumpkin growth stages were similar, with the trend of soil nitrate nitrogen content increasing with the increase of fertilizer application. Taking 2022 as an example, compared to the CK, the nitrate nitrogen content increased by 95.17% in the H treatment, and 36.47% in the M treatment, while decreased by 13.05% in the L treatment. During the whole growth period of pumpkins, soil nitrate nitrogen content showed a pattern of increase followed by decrease, with its maximum value at the seedling stage. The soil nitrate nitrogen content at maturity significantly decreased compared to the germination stage, with a decrease of 36.91% in the H treatment, 18.00% in the M treatment, and 58.99% in the L treatment, while an increase of 30.45% in the CK treatment.

[image: Bar graphs depicting nitrate nitrogen levels in soil at different depths during various growth stages for the years 2022 and 2023. The stages include germination, seeding, sprouting, flowering, maturity, and overall growth periods. Each graph compares different nitrogen treatments: CK, L, M, and H.]
Figure 7 | Changes on soil nitrate nitrogen content at 0 - 100cm soil layers in different periods. (A–F) represent the changes on soil nitrate nitrogen content during the germination period, seedling period, vine extension period, flowering period, maturation period, and full growth period.





3.4 Effect of organic fertilizer on pumpkin yield and water-fertilizer use efficiency

The provision of adequate nutrients is essential to ensure high crop yield, as well as to facilitate the growth and development of crops and improve the efficiency of fertilizer utilization. The effect of organic fertilizer on pumpkin yield in 2022 and 2023 was significant (P<0.05) (Table 5). The data indicated that pumpkin yield increased with the application of organic fertilizer within a certain extent. From individual fruit weight and final yield, the yield under different fertilization conditions was ranked as M > H > L > CK. Compared to the CK, the application of organic fertilizer increased pumpkin yield by 4.54–25.97%, improved water use efficiency by 2.21–19.24% on average in 2022 and 2023. Among them, pumpkin yield, individual fruit weight, and water use efficiency reached their maximum values of 31,101.13 kg·ha-1, 1.51 kg, and 69.24 kg·ha-1·mm-1 under the M treatment respectively, significantly higher than them under CK and low level treatment of organic fertilizer (P<0.05). Compared to CK, pumpkin yield, individual fruit weight, and water use efficiency increased an average by 6,412.07 kg·ha-1, 0.53 kg, and 11.17 kg·ha-1·mm-1, respectively, over two years. The M and H treatments significantly improved pumpkin yield, individual fruit weight, and water use efficiency, with no significant difference between them (P>0.05). As the amount of organic fertilizer applied increased, the fertilizer partial productivity gradually decreased, with the maximum fertilizer partial productivity (PFP) under CK treatment. Compared to L, PFP of M treatment was decreased by 5.12%, and that of H treatment was decreased by 49.79%.

Table 5 | Effects of organic fertilizer on pumpkin yield and water use efficiency.


[image: Table comparing melon cultivation data across different treatments in 2022 and 2023. Columns include single melon weight, yield, water use efficiency, and fertilizer partial productivity. Significant differences are denoted by different lowercase letters.]



3.5 Correlation analysis of soil nutrients with pumpkin growth dynamics and yield

The redundant analysis (RDA) and Mantel test results of soil nutrient, pumpkin growth dynamics, and yield in 2022 and 2023 (Figures 8A, B) show that soil bulk density is significantly negatively correlated with pumpkin stem thickness, vine length, and yield (P<0.01), while there is no significant correlation with pumpkin leaf area (P>0.05). Soil organic carbon, available phosphorus, available potassium, nitrate nitrogen, and water use efficiency are all significantly positively correlated with pumpkin yield (P<0.01).

[image: Diagram with two panels. Panel (a) shows an RDA plot with arrows indicating variables like BD, LA, and NO3-N, and colored areas representing different treatments (CK, L, M, H). Panel (b) is a correlation matrix displaying Mantel's p and r values, using color gradients to represent Pearson's r values between various soil properties and treatments. The numbers indicate correlation strengths, with arrows connecting Y to other variables.]
Figure 8 | The impact of soil nutrients on pumpkin yield. (A) Redundancy analysis (RDA) results between soil factors and pumpkin traits, (B) Mantel test results between soil factors and pumpkin traits. BD, SD, OC, AP, AK, NO3--N, WUE, VL, LA, SMW, and Y represent soil bulk density, stem diameter, soil organic carbon, soil available phosphorus, soil available potassium, soil nitrate nitrogen, crop water use efficiency, vine length, leaf area, single fruit weight, and yield, respectively. The larger the square, the stronger the correlation coefficient; the smaller the square, the weaker the correlation coefficient. Blue indicates positive correlation, red indicates negative correlation, and darker color indicates stronger correlation. * indicates P<0.05, ** indicates P<0.01.





4 Discussions



4.1 Impact of organic fertilizer on soil bulk density and nutrients

This founding of this study indicated that the application of organic fertilizer can significantly improve soil bulk density. With the increasing application of organic fertilizer, there was a gradual decrease in soil bulk, indicating a significant negative correlation. Some scholars had got the same conclusion: the application of organic fertilizer could increase soil porosity, reduce bulk density, and improve water holding capacity. Different application amounts of organic fertilizer had different effects on regulating balance of crops nutrient absorption and improving soil structure (Sunny et al., 2022; Li et al., 2021a; Gul-Lalay et al., 2024).

The organic fertilizers are distinguished by their wide range of nutrients and prolonged effectiveness. This study has demonstrated that the application of organic fertilizer can enhance soil fertility and improve both the physical and chemical properties of farmland soil. It significantly increased organic carbon, alkali-hydrolyzable nitrogen, available phosphorus, and available potassium content compared to the control treatment. There were two times increase significant increase process in the whole growth period, which were mainly related to two times of topdressing fertilization. The contents of available potassium, available phosphorus, and nitrate nitrogen in the soil were all increased in each time of topdressing fertilization period. Similarly, it had been found that long-term application of organic fertilizers could also increase the accumulation and supply capacity of soil nutrients, as well as significantly increase the storage of soil carbon and nitrogen, with a long validity period (Gai et al., 2018). Whereas long-term application of chemical fertilizers could also increase the content of available potassium, but the effect is not as obvious as that of applying organic fertilizers (Fan et al., 2020). Organic nitrogen within organic fertilizers was slowly mineralized and released, although it could not quickly supply a large amount of nutrients in a timely at the critical crop growth periods, its effectiveness was more long-lasting than that of inorganic fertilizer (Li et al., 2020b). Studies had found that organic fertilizers significantly increase soil organic carbon by 15.6% and improve available nutrients by 2.3% to 20.2% (Liu et al., 2021b). Results also indicated that applying organic fertilizers could significantly increase soil organic matter, total nitrogen, available potassium, and available phosphorus content, but had no significant impact on nitrate nitrogen and ammonium nitrogen content, compared with 100% application of chemical fertilizer (Fan et al., 2023).

This study also indicated that soil organic carbon, available phosphorus, available potassium, and nitrate nitrogen content gradually increased with the increase of organic fertilizer application, but the changes of the 1st year and 2nd year were not significant. Similar conclusions had been drawn by Shi et al., who found that soil organic carbon, alkaline nitrogen, available phosphorus, and available potassium content all showed a gradual increase with the increase of organic fertilizer application, and the increase of various indicators in the 2nd year was more obvious (Shi et al., 2017). It was related to the fact that organic fertilizer decomposed exogenous organic matter in the soil by increasing the activity of functional bacteria, thereby releasing nitrogen, phosphorus, and potassium, and activating insoluble nutrients such as nitrogen, phosphorus, and potassium in the soil (Shi et al., 2017). This study concluded that compared with the control group, the application of organic fertilizer could significantly increase soil organic carbon, alkaline nitrogen, available phosphorus, and available potassium content, improve soil nutrients, and enhance soil fertility. The reason for this is related to the fact of effective bacteria (Bacillus subtilis + Bacillus licheniformis) ≥ 0.5 billion/ml and amino acids ≥ 3% from the tested organic fertilizer. It was indicated that the addition of effective bacteria (Bacillus subtilis + Bacillus licheniformis) and amino acids in organic fertilizer could further increase soil nutrient content. Li also showed that long-term use of organic fertilizer could increase microbial biomass and enzyme activity, improve the quantity and quality of soil organic matter, and organic fertilizer added with Bacillus subtilis could further increase soil nutrient content (Li et al., 2021a). The improvement on soil fertility was mainly due to the reproduction of microorganisms in organic fertilizer, which could regulate the accumulation and cycling of soil nutrients (Li et al., 2021a). Organic fertilizer could activate soil nutrients and thus improve soil fertility. The biodegradation and transformation of organic matter in organic fertilizer could significantly increase the metabolic activity of microorganisms, activate soil nutrients, and promote nutrient absorption of crops (Wang et al., 2004; Shi et al., 2014; Nagaraju et al., 2012).




4.2 Effects of organic fertilizer on growth dynamics, yield, and water and fertilizer utilization efficiency of pumpkin

This study indicated that the application of organic fertilizer can enhance the growth and development of pumpkin, with an increase in vine length, stem thickness, and leaf area corresponding to higher application rates. Similar conclusions had been reported that the application of organic fertilizer with the phylum Ascomycota, could promote the nutrients absorption of plant roots system, thus plant growth and development (Toffa et al., 2021). Adebayo found that the application of organic fertilizer significantly increased vine length and yield of pumpkin (Olowoake and Adeyemo, 2020). Research also showed that the application of organic fertilizer had the most significant improvement effect on crop height and stem thickness, with the largest single plant leaf area (Wang et al., 2020b). The application of organic fertilizer could significantly increase the plant height, number of leaves, and leaf area of crops, having higher economic benefits than inorganic fertilizer (Mahamad et al., 2022).

The application of fertilizer is a key determinant of pumpkin yield and water utilization efficiency. This study also found that the application of organic fertilizer was beneficial to the formation of pumpkin yield. A large number of studies had shown that fertilizers, as the main source of crop nutrients, were directly participate in or regulate crop nutrient metabolism and cycling, and were closely related to crop yield (Gautam et al., 2022). Studies had shown that within a certain range of fertilization application amount, the application of organic fertilizer could promote to increase crop yield (Moritz et al., 2023; Vinh and Quang, 2022; Liu et al., 2023). In this study, it was also found that pumpkin yield increased to a certain extent with the increase in the application amount of organic fertilizer, that is, an appropriate increase in organic fertilizer could contribute to pumpkin yield formation. However, under the high-level organic fertilizer treatment, the pumpkin yield decreased. The data from 2022 and 2023 showed that compared to the high-level organic fertilizer treatment, the medium-level organic fertilizer treatment increased the pumpkin yield by 4681.41 kg·ha-1 and 4331.50 kg·ha-1, respectively. It was because that organic fertilizer had a long effective period, and high amount of organic fertilizer could lead to pumpkin stem lengthening at maturity, and yields were reduced instead. Li also found that the application of organic fertilizer could increase crop yield, but excessive application did not achieve the desired increase in yield and instead reduced economic income (Li et al., 2022). This was because excessive application of organic fertilizer was accompanied by an increase in the number of pathogenic microorganisms in the soil and overabundance of nutrient accumulation, which was also easy to be lost and not conducive to crop growth (Liu et al., 2020).

This study also revealed that overall water utilization efficiency of pumpkin was improved through the application of organic fertilizer, and the yield of the medium and high level organic fertilizer treatments was higher than that of the control treatment. It could be seen that the application of organic fertilizer also needed to be within an appropriate range to promote yield increase and improve water and fertilizer utilization efficiency (Xiang et al., 2022).

In addition, some studies had shown that the significant impact of bio-organic fertilizer and chemical fertilizer on soil lies in soil microbial community structure. Compared with no fertilizer or chemical fertilizer application, the application of organic fertilizer improved the resistance of soil microbial community to disturbance, indicating that organic fertilizer changes the structure of soil microbial community, thereby affecting crop yield (Fan et al., 2023; Cui et al., 2018; Francioli et al., 2016; Legrand et al., 2018). It was particularly important to reasonably use organic fertilizer for soil fertility improvement, in order to reduce nutrient loss and mitigate soil environmental pollution risks. Excessive application of organic fertilizer could also lead to the salts accumulation, heavy metals and a decrease in the effectiveness of certain elements (Wang et al., 2020a; Wang et al., 2010; Muhammad et al., 2020). Therefore, further research would be needed to investigate the specific effects mechanisms of organic fertilizer application on crop yield, microorganisms, and certain elements.





5 Conclusion

	By analyzing the effects of organic fertilizer on soil nutrients, growth and yield of pumpkin, the results showed that high organic fertilizer treatment was more beneficial to the growth of stem thickness, vine length, and leaf area of pumpkin.

	Compared to the CK, the application of various organic fertilizer treatments resulted in a significantly reduction in soil bulk density, and there was a significant negative correlation between the amount of organic fertilizer applied and soil bulk density.

	The content of organic carbon, available potassium, available phosphorus, and nitrate nitrogen in the 0–100cm soil layer exhibited a gradual decline following application of various organic fertilizer treatments. Compared to the CK, the contents of organic carbon, available potassium, available phosphorus, and nitrate nitrogen were significantly increased by medium and high level of organic fertilizer treatment.

	Under different treatments, the yield and water use efficiency of pumpkin treated with medium level organic fertilizer were the highest. Fertilizer partial productivity gradually decreased with the increase of organic fertilizer application amount. There were extremely significant positive correlations between pumpkin yield and stem thickness, vine length, organic carbon, available phosphorus, available potassium, nitrate nitrogen, single fruit weight, and water-fertilizer use efficiency.



In a comprehensive analysis of the effects of varying levels of organic fertilizer on pumpkin yield and soil nutrients content, the M treatment (application of 5700 kg·ha-1 organic fertilizer including base fertilizer 4800 kg·ha-1, 900 kg·ha-1 follow-up fertilizer) has proven to be advantageous for the cultivation of pumpkins in the arid regions of northwest China and similar areas.
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Introduction

To address the scarcity of agricultural phosphorus (P) fertilizers and reduce phosphorus accumulation in wastewater, this study employed iron-modified biochar (Fe-B) to adsorb phosphorus from water. The phosphorus-loaded iron-modified biochar (Fe-BP) was subsequently applied to peanut fields. Batch experiments were conducted to determine the optimal adsorption parameters and mechanism of Fe-B for phosphate ions (PO43−).





Methods

The field experiment utilized a randomized complete block design, comprising the following treatments: no biochar and no P fertilizer (B0P0), no biochar with conventional phosphate fertilizer (B0P1, CK, P2O5 at 144 kg ha−1), biochar with CK (B1P1), Fe-B with CK (FeB-P1), phosphorus-loaded Fe-B with CK (FeBP-P1), and phosphorus-loaded Fe-B with two-thirds CK (FeBP-P2, P2O5 at 96 kg ha-1).





Results

The results demonstrated that the biochar dosage of 0.05 g (2 g L-1) results in a phosphate removal rate exceeding 80%. Optimal adsorption efficiency occurs within a pH range of 6-9, with a sharp decline observed at pH values above 10. The presence of NO3-, Cl-, and SO42- does not significantly affect the phosphate adsorption capacity of Fe-B, unlike HCO3- and CO32-, which reduce it. After the fifth desorption and recycling process, the adsorption capacity of the biochar decreased to 24%. The peanut yield in the FeB-P1 treatment was 50.8% higher than that in the FeBP-P2 treatment. While the phosphorus recovery efficiency (REP) does not significantly differ between FeBP-P2 and B1P1 treatments, both are superior to B0P1. Moreover, FeBP-P2 facilitated the available phosphorus concentration in the root zone.





Discussion

Overall, phosphorus-loaded iron-modified biochar reduced the required amount of phosphorus fertilizer, maintain peanut yield, and enhanced phosphorus fertilizer utilization efficiency.





Keywords: iron-modified biochar, phosphorus fertilizer utilization efficiency, absorption, desorption, yield




1 Introduction

Phosphorus is essential for crop growth in agriculture, yet 30–40% of the world’s arable soils have low phosphorus levels (Zhu et al., 2018). Since the 1950s, the demand for phosphate fertilizer has increased to ensure food security for the growing global population (Alewell et al., 2020). The FAO reported that global phosphate fertilizer consumption reached 47.4 million tons in 2015, with an annual growth rate of 2%., increasing to 49.1 million tons by 2022. However, high-quality phosphate reserves are expected to be exhausted within 50 to 400 years (Zou et al., 2022). Excessive phosphorus application, particularly when crops do not cover the soil, heightens the risk of phosphorus loss through leaching, runoff, and erosion (Schoumans et al., 2014). Loss rates of phosphate fertilizers in natural environments can reportedly reach as high as 80–90% (Dimkpa et al., 2020). The primary cause of water eutrophication, phosphorus leaching into deep soil layers, leads to widespread ecological damage, exacerbating environmental pollution, challenging global sustainability, and causing significant financial losses (Sharpley et al., 1994; Hou et al., 2020). Additionally, excessive chemical fertilizer use has degraded cultivated land quality, resulting in soil salinization and organic matter depletion (Tripathi et al., 2020). In this context, slow-release phosphate fertilizers offer a solution by improving phosphorus utilization efficiency (Li J. et al., 2022). These fertilizers extend nutrient availability for plant uptake, reducing environmental nutrient losses (Bindraban et al., 2015). Marcińczyk and Oleszczuk (2022) suggest that biochar may be a promising alternative material for producing slow-release phosphate fertilizers.

Biochar, a stable material derived from biomass pyrolysis, possesses high carbon content, a large surface area, porosity, and abundant functional groups (Tomczyk et al., 2020). Widely utilized in soil improvement (Qian et al., 2023), sewage treatment (Gonzalez et al., 2021), carbon sequestration (Yang et al., 2021), and emission reduction (Lehmann et al., 2021). Meanwhile, its porous structure enables phosphorus adsorption, with reported phosphate adsorption capacities of 4 mg P g-1 for biochar derived from sugarcane and miscanthus (Trazzi et al., 2016). Despite this, the phosphorus content of biochar remains significantly lower than that of mineral fertilizers such as commercial superphosphate (>46% P2O5). Moreover, traditional pyrolysis-produced biochar exhibits limited surface functional groups with predominantly negative charge, reducing phosphate adsorption efficiency (Chintala et al., 2016). Metal-based materials, particularly iron, exhibit high selective adsorption capacities for phosphorus due to their abundance and small solubility product constant (Ksp) of metal phosphates (Bao et al., 2024). Dong et al. (2016) and Wen et al. (2021) found in their research that iron modified biochar can reduce the impact of harmful substances on plants, and thus increase dry matter accumulation. Phosphorus adsorbed on biochar can generally undergo slow release via an adsorption-desorption equilibrium (Chen et al., 2017). However, the direction of phosphorus deposited on biochar is uncertain, as it may dissolve and face similar soil constraints as conventional mineral phosphate fertilizers (Bacelo et al., 2020). Additionally, application of iron-modified biochar to farmland may reverse adsorbing soil phosphorus due to its numerous adsorption sites (Wu et al., 2020). Thus, investigating the adsorption and slow-release mechanisms of iron-modified biochar phosphate, along with its impact on available phosphorus in farmland, holds significance for sustainable phosphate fertilizer development.

This study aimed to investigate the effects of phosphorus-loaded iron-modified biochar slow-release fertilizer on soil available phosphorus. Two hypotheses were tested in this work. First, we explored the adsorption mechanism of iron modified biochar on phosphate, and second, we explored the effect of iron modified biochar loaded with phosphorus as a phosphorus slow-release fertilizer on the spatial distribution of available phosphorus in farmland soil.




2 Materials and methods



2.1 Preparation of Fe-B and P-loaded Fe-B

The biochar was derived from maize straw (Northeast China) pyrolyzed at 600°C for 2 h. The collected biochar was washed by aqua pura to remove the ash, dried, and crushed through an 80 mesh sieve. For large-scale application and cost-saving, the alkaline impregnation method was used for this experiment. To prepare the Fe-B, a part of the maize straw biochar was immersed in 1 M FeCl3 at a 1:12.5 (w/v) ratio (Fe:C is 0.7), and stirred vigorously for 2 h followed by the dropwise addition of NaOH (pH 10-11) to adjust pH to 11. Seal and oscillate for 24 h. Rinse with deionized water until neutral. The FeB were finally dried to a constant weight at 50°C (Wang et al., 2019).




2.2 Adsorption experiment of Fe-B

P adsorption capacity were calculated by Equation 1:

[image: Equation showing \( q_e = \frac{(C_0 - C_e)V}{m} \) labeled as equation (1).] 

where [image: Lowercase letter "q" followed by a subscript "e".]  is the phosphorus adsorption capacity of Fe-B at equilibrium, mg·g-1; V is the volume of the solution, L; m is the mass of Fe-B, g; [image: Stylized letter C with a subscript zero.]  and [image: The image shows the letter "C" with a subscript "e."]  are the initial and equilibrium concentrations of phosphorus in solution, mg·L-1.



2.2.1 Adsorption kinetics

For kinetics adsorption experiments, 0.05 g of Fe-B samples were mixed with 50 mL of phosphate solution and shaken at 170 ± 5 r/min at 25 ± 1°C. The supernatant was collected at specific times(5min, 10min, 15min, 20min, 30min, 60min, 120min, 240min, 480min, 720min, 1440min, and 2880min)using a 0.45 μm millipore filter. Finally, the P adsorption kinetics of the biochar samples were fitted by two classical models: the pseudo-first-order kinetics Equation 2 and the pseudo-second-order kinetics Equation 3.

[image: Equation displaying an adsorption rate formula: \( q_t = q_e (1 - e^{-k_1 t}) \).] 

[image: Equation showing \( q_t = \frac{q_0 k_s t}{1 + q_0 k_s t} \), labeled as equation number \( (3) \).] 

Where [image: The image shows the lowercase letter "q" followed by a subscript lowercase "e".]  is the adsorption capacity of Fe-B at equilibrium, mg·g-1; [image: Mathematical notation showing the letter "q" with a subscript "t" in italics.]  is the adsorption capacity of the adsorbent at time t, mg·g-1; [image: Lowercase letter "k" with subscript "1".]  and [image: Lowercase letter k with subscript two.]  are adsorption rate constants.




2.2.2 Adsorption isotherm

For adsorption isotherm experiments, 0.05 g of Fe-B samples were mixed with 50 mL of phosphate solution and shaken at 170 ± 5 r/min at 25 ± 1°C. The solution concentrations are 1, 5, 7, 10, 15, 17, 23, 25, and 30 mg·L-1. Finally, the P adsorption isotherm of the Fe-B samples were fitted by two classical models: the Langmuir model Equation 4 and the Freundlich model Equation 5.

Langmuir model:

[image: Equation labeled as equation 4 shows \( q_e = \frac{{k_f q_m C_e}}{{1 + k_f C_e}} \).] 

Freundlich model:

[image: Equation labeled as five showing \( q_e = k_f C_e^n \).] 

where [image: Lowercase letter "q" with a subscript "e" in italics.]  is the adsorption amount of the adsorbent at the equilibrium time, mg·g-1; [image: Lowercase letter "q" with a subscript "m".]  is the saturated adsorption capacity, mg·g-1; [image: The symbol "C" with a subscript "e".]  is the solution concentration at equilibrium, mg·g-1; [image: Lowercase letter "k" with a subscript "i" in a serif font, typically used in mathematical or scientific notation.]  and [image: Lowercase letter "k" followed by a subscript "f".]  are adsorption equilibrium constants; n is the strength constant.





2.3 Field experiment analysis of P-loaded Fe-B



2.3.1 Field layout and treatments application

Field experiments were carried out at the Beidianzi Experimental Station (121°47′E, 42°01′N) located in the Liaoning Province of Northeast China during the growing seasons of 2021 and 2022, spanning from May to September. The study area is situated in a north-temperate zone with a semiarid continental monsoon climate. The region experiences an annual average air temperature of 6.1°C, with an average evaporation of 1780.5 mm and an average annual precipitation of 307 mm. Precipitation and temperature data for the two years were acquired from a local weather station, as depicted in Supplementary Figure S1. The soil texture was showed in Supplementary Table S1.

The experiment was a randomized complete block design comprising six treatments combinations over three replicates included no biochar and no phosphorus fertilizer (B0P0), no biochar and conventional phosphate fertilizer (B0P1, CK, P2O5 is 144 kg·ha-1), biochar and conventional phosphate fertilizer (B1P1), iron modified biochar (Fe-B) and conventional phosphate fertilizer (FeB-P1), phosphorus-loaded Fe-B and conventional phosphate fertilizer (FeBP-P1), phosphorus-loaded Fe-B and two third conventional phosphate fertilizer (FeBP-P2, P2O5 is 96 kg·ha-1). When preparing a large quantity of phosphorus-loaded iron-modified biochar (Fe-BP), with a phosphorus concentration set at 5 mg/L, phosphoric acid ions in the solution undergo multiple absorption cycles by Fe-B through artificial stirring. After reaching adsorption saturation (2h) of Fe-BP, followed by natural air drying, the Fe-BP is ready for field experiment. The amount of biochar is 24 t·ha-1 (1% of the soil mass).The biochar was fully mixed with the upper 15cm soil layer by rotary before sowing.

The test peanut was the cultivar Baisha, which is widely planted in the study area. The plant spacing was 15 cm and planting depth of 5 cm with 2 seeds per hole. Each plot was 6.67 m2. The planting density was 180,000 hills hm-2. Based on the traditional fertilization method in the experimental station. N was applied as urea (156 kg· ha-1 N). K was applied as potassium sulfate (144 kg· ha-1 K2O). P was applied superphosphate. The field was irrigated up to 90% of the water content at field capacity (FC) when the soil moisture content dropped to 50-60% FC. Other managements were in line with local farmer practices to avoid yield losses.




2.3.2 Soil available phosphorus

Soil drilling method was used on the 30th, 74th and 110th days after fertilization. Soil samples were collected at 20 cm intervals within 0 ~ 60 cm of 0 cm (right below the drip irrigation belt), 17.5cm (peanut side), and 25cm (ridge side). After the collected soil samples were air-dried in a ventilated place in the room, they were crushed through a 2mm sieve, and 2.50g of air-dried soil samples were weighed and extracted with 0.5mol·L-1 NaHCO3 solution. The phosphorus concentration of the extracted solution was determined by ultraviolet spectrophotometer (2700) produced in Shimadzu, Japan. Soil available phosphorus is calculated according to Equation 6:

[image: \( p = \frac{\rho \times V \times ts}{m \times k} \) equation labeled as equation six.] 

Where: P is soil available phosphorus content, mg·kg-1; ρ is the mass concentration of P in the measured curve, mg·L-1; V is the constant volume at the time of color development, mL; ts is the extraction multiple (the ratio of the total volume of the extract to the volume of the extracted liquid during color development); m is the quality of air-dried material, g; k is the coefficient of mass of air-dried soil replaced by dried soil.




2.3.3 Peanut yield and phosphorus fertilizer utilization efficiency

The center of each plot (1 m2) was harvested for yield determination, and yield was determined after air-drying (standardized to 14% water content) (Zhang et al., 2021). Two indicators of P fertilizer use efficiency were calculated as follows:

[image: Recovery efficiency formula labeled (7) for P. REP. percentage is shown as: (PA - P0A) divided by Padded, then multiplied by 100.] 

[image: Agronomic efficiency of phosphorus (P), denoted as AEP in kilograms per kilogram, is calculated using the formula: (PY - P0Y) divided by Padded.] 





2.4 Biochar characteristic

The crystallinities of Fe-B were determined by X-ray powder diffractometry (XRD) (Bruker, D8, Advance, Germany). The shape and size of the samples were analyzed using scanning electron microscopy (SEM) (Hitachi Regulus8230, Japan). Fourier transform infrared spectrometry (FTIR) spectra were conducted to identify the surface functional groups by a Nicolet Avatar 370DTGS spectrophotometer (IR Tracer 100, Japan).




2.5 Statistical analysis

Data analysis were computed by using Origin 2023 (Origin Lab, Northampton, MA, USA). Differences between the treatments were analyzed through the one-way ANOVA followed by the LSD test (0.05level).





3 Results and discussion



3.1 Fe-B adsorption performance

With increasing Fe-B concentration, phosphate removal efficiency correspondingly improves (Figure 1A). This enhancement is due to the more adsorption sites, which enhances the contact area between phosphate and these sites (Li M. et al., 2016). However, once the adsorption sites reach saturation with further Fe-B addition, the removal efficiency remains unchanged as no additional active sites remain for adsorption (Yang et al., 2018). At an Fe-B concentration of 0.05 g (2 g L-1), the phosphate removal rate exceeds 80%.

[image: (a) Bar and line graph showing adsorption capacity and removal percentage versus dosage. (b) Line graph of removal percentage and adsorption capacity versus pH. (c) Bar graph displaying adsorption capacity versus different ions at three concentrations. (d) Bar and line graph of adsorption capacity and desorption rate versus cycles. (e) Line graph of desorption rate and adsorption capacity versus time with kinetic model fits. (f) Line graph of adsorption capacity versus equilibrium concentration with Langmuir and Freundlich model fits.]
Figure 1 | (A) Effect of adsorption dosage on adsorption capacity and removal rate; (B) Effect of initial solution pH on adsorption capacity; (C) Effect of coexisting ions on adsorption capacity; (D) Desorption and recycling; (E) Kinetic fitting curve for phosphate adsorption by FeB; (F) Fitting of Langmuir and Freundlich isotherm adsorption models for Fe-B. Fe-B, iron modified biochar; PO43−, phosphate ions.

When the solution pH is between 5 and 8, Fe-B adsorbs 2.4 mg·g-1 of phosphate, as depicted in Figure 1B. As the pH increases from 8 to 10, the adsorption slightly decreases, yet Fe-B retains a high adsorption capacity over this broad pH range, which is crucial for practical applications (Xu et al., 2021). Phosphate exists in four forms: H3PO4, H2PO4-, HPO42-, and PO43- (Iheagwara et al., 2013). At a pH below 2, phosphate predominantly exists as H3PO4, which is challenging to adsorb, resulting in a low adsorption capacity for Fe-B (Li R. et al., 2016). As the pH increases to 2-4, H3PO4 diminishes, and H2PO4- becomes more prevalent, leading to a gradual rise in Fe-B adsorption. In the pH range of 4-6, H2PO4- is the dominant form, and the hydroxyl groups on Fe-B can undergo ligand exchange with H2PO4-, thus maintaining a high phosphate adsorption levels. When the pH ranges from 6 to 10, H2PO4- gradually decreases, while HPO42- increases; ligand exchange continues to support Fe-B’s high phosphate adsorption (Du et al., 2022). However, as the pH exceeds 10, the OH- concentration significantly, enhancing electrostatic repulsion. This repulsion, combined with competition between OH- and phosphate for adsorption sites, reduces the phosphate adsorption efficiency of Fe-B rapidly when the pH is between 9 and 12 (Wendling et al., 2013).

The enhanced phosphate adsorption capacity of Fe-B primarily depends on its positively charged surface-active sites. In actual wastewater, high concentrations of various anions often compete with phosphate for these sites (Lin et al., 2021). Common interfering ions in wastewater include NH4+, NO3-, Cl-, SO42-, HCO3-, and CO32-. This study found that NO3-, Cl-, and SO42- had minimal impact on Fe-B’s adsorption capacity (Figure 1C). Increasing anion content can trigger ion competition and enhance electrostatic repulsion, reducing phosphate adsorption. However, the primary mechanism for phosphate adsorption by Fe-B involves complex formation through coordination between surface-loaded iron oxides and phosphate ions, which makes it less susceptible to interference from coexisting ions (Zhang et al., 2020; Huang et al., 2020). NH4+ slightly reduced phosphate adsorption efficiency, while HCO3- and CO32- significantly impacted phosphate removal, mainly due to their alkalinity, which raises the solution pH (Yang et al., 2018). When the pH exceeds 10.0, Fe-B’s phosphate adsorption efficiency decreases significantly. Additionally, previous reports indicated that HCO3- and CO32-, as anions, can generate electrostatic repulsion with phosphate ions, further reducing adsorption (Qu et al., 2020).

Figure 1D illustrates a gradual decline in the adsorption capacity of Fe-B when eluted with NaOH solution. Initially, after the first desorption, the capacity decreased from 2.05 mg·g-1 to 1.55 mg·g-1, indicating that Fe-B retained considerable adsorption ability. However, by the fifth desorption, the capacity had diminished to 24%, indicating a significant reduction in recyclability. This decline in phosphate adsorption capacity may be attributed to several factors. First, prolonged exposure to high-concentration NaOH solution could elute iron oxides from Fe-B, diminishing its adsorption efficiency. Second, when Fe-B reaches adsorption saturation, the desorption solution might not fully remove the phosphate from both the surface and internal structure of Fe-B (Rahman et al., 2022; Zhao et al., 2019). As a result, phosphate may occupy active adsorption sites and form precipitates that block Fe-B’s pore structure. This blockage hinders the entry of additional phosphate into the porous structure, preventing binding to internal adsorption sites and thereby reducing the overall adsorption performance of Fe-B (Wu et al., 2020).

As the reaction time progresses, phosphate adsorption by Fe-B is initially rapid, but the rate gradually decreases until equilibrium is achieved (Figure 1E). To analyze the adsorption kinetics, the data were fitted to both pseudo-first-order and pseudo-second-order kinetic models. The correlation coefficient (R2) for the pseudo-second-order model was 0.9757, which is higher than that for the pseudo-first-order model (Supplementary Table S1). This suggests that the adsorption of phosphate by Fe-B aligns more closely with the pseudo-second-order kinetic model, indicating that the primary adsorption mechanism is chemical (Ou et al., 2023). Figure 1F demonstrates that the equilibrium adsorption capacity of Fe-B increases with rising initial phosphate concentrations, eventually plateauing. This trend correlates with the ratio of available adsorption sites on the Fe-B surface. Phosphate adsorption data for Fe-B were analyzed using the Langmuir and Freundlich models. As indicated by the fitting parameters in Supplementary Table S2, both models yielded correlation coefficients (R2) > 0.9, with the Langmuir model exhibiting a higher R2. This suggests that the Langmuir model more accurately describes the phosphate adsorption by Fe-B, suggesting a predominantly monolayer adsorption process (Kang et al., 2021).




3.2 Characterization of Fe-B

The unmodified biochar surface is smooth, with a distinct porous structure and minimal impurities or particulate matter (Figure 2). In contrast, the Fe-modified biochar surface exhibits a small amount of particulate load while retaining its porous structure (Zhang et al., 2023). The EDS spectra reveal that the original biochar consists only of C and O. Following modification, the biochar iron content increases to over 34%. The functional group peaks on both the Fe-B and original biochar surfaces are similar in the 3300–3500 cm-¹ range, though they differ significantly in intensity. This variation may result from iron hydroxide covering some functional groups or the absorption of hydroxyl groups due to the hydrolysis of FeCl3 (Kong et al., 2023). The absorption peaks of Fe-modified biochar in the 500–700 cm-¹ range show significant differences in both intensity and type before and after adsorption, indicating that phosphate adsorption by Fe-modified biochar is a chemical process (Ajmal et al., 2020). After phosphate adsorption, the stretching vibration band at 974 cm-¹ in the Fe-modified biochar corresponds to the P-O single bond. Additionally, new peaks at 1550 cm-¹ in both Fe-B and adsorbed Fe-B are attributed to the stretching vibration of C=O, indicating an increased presence of oxygen-containing functional groups and enhanced adsorption capacity.

[image: Composite image featuring various analyses of iron-boron compounds. Top left is an XRD pattern showing intensity vs. angle for B and Fe-B. Top middle and right are SEM images highlighting surface morphology at different magnifications. Bottom left displays FTIR spectra for B, Fe-B, and Fe-B-P with labeled peaks for functional groups. Bottom right contains EDX analysis charts, including elemental composition with peaks for carbon, oxygen, and iron.]
Figure 2 | Characterization of FeB and P-loaded FeB.




3.3 Yield and phosphorus fertilizer utilization efficiency

The peanut yield under the FeB-P1 treatment increased by 64.5% and 35.6% compared to the B0P1 and B1P1 treatments in 2021, respectively (Figure 3). There was no significant difference in yield, recovery efficiency of phosphate fertilizer (REP), and agronomic efficiency of phosphate fertilizer (AEP) between the FeB-P1 and FeBP-P1 treatments. This shows that increasing the amount of phosphate fertilizer cannot increase the yield, and reduce the utilization efficiency of phosphate fertilizer. This is consistent with most studies, phosphorus reduction does not necessarily reduce production, but improves the efficiency of phosphorus fertilizer utilization (Rakotoson et al., 2022; Cao et al., 2021). When considering the two-year comprehensive data, in 2021, there was no difference in yield between FeBP-P1 treatment and FeBP treatment, but both were higher than FeBP-P2. In 2022, the difference between FeBP-P1 and FeBP treatment was not significant, which may be due to the slow release of phosphorus by iron-modified biochar. Amin and Mihoub (2021) also found in their studies that Sulfur-Enriched biochar acted as a slow-release phosphate fertilizer, which can increase the available phosphorus content and P associated with calcium fractions in soil. The yield of FeBP-P2 decreased by 33.3% compared with that of FeBP-P1, but there was no significant difference in REP between FEBP-P2 and FEBP-P1.While the FeBP-P2 treatment resulted in a 9.1% yield increase over B0P1, this difference was not statistically significant. Notably, the REP under FeBP-P2 was 126.1% higher than under B0P1 (P < 0.05). No significant difference in REP was observed between the FeBP-P2 and B1P1 treatments, suggesting that the application of Fe-BP under reduced phosphorus conditions maintained yield while enhancing phosphorus fertilizer utilization efficiency.

[image: Bar charts depict agricultural yield comparisons for 2021 and 2022 in kilograms per hectare across different treatment groups: B0P0, B0P1, B1P1, FeB-P1, FeBP-P1, and FeBP-P2. The data in the inset shows REP percentages and AEP kg/kg values for each group, with variations indicating statistical significance, labeled as a, b, c, and d. The highest yields for both years are observed in FeBP-P1 and FeB-P1 treatments.]
Figure 3 | Yield and utilization efficiency of phosphate fertilizer. REP, Recovery efficiency of phosphorus; AEP, Agronomic efficiency of phosphorus.




3.4 Available phosphorus in soil profile

The surface layer of the B0P0 treatment exhibited extremely low available phosphorus levels (Figure 4). Throughout the growing season, factors such as rainfall and irrigation led to the leaching of nearly all the original surface phosphorus from the soil (Aulakh et al., 2007). In the B0P1 and B1P1 treatments, the distribution and variation of available phosphorus were similar, suggesting that the original biochar had a poor capacity for phosphorus adsorption. This is similar to the research of some scholars, who believe that the phosphorus in biochar is stable in structure and difficult to dissolve, especially the biochar with low phosphorus content cannot increase the phosphorus content in soil (Qian et al., 2013). It is also believed that the adsorption of phosphate by biochar will essentially compete with plants and reduce the concentration of phosphorus in soil solution (Zhang et al., 2024). In contrast, the FeB-P1 treatment demonstrated superior phosphorus adsorption, with only slight leaching of available phosphorus at the end of the growing season. A decrease in available phosphorus content during the mid-growing season may be attributed to the presence of additional adsorption sites on FeB, which adsorbed phosphate in the soil (Zhang et al., 2016). This phenomenon was not observed with phosphate-loaded iron-modified biochar, as its adsorption sites were already occupied. When phosphate-loaded iron-modified biochar was applied under reduced phosphorus conditions, the available phosphorus remained concentrated near the root zone, with stable but lower levels than in other treatments, and showed no significant dynamic changes throughout the season. This stability may result from the combined effect of reduced phosphorus fertilizer and the slow-release function of phosphate-loaded iron-modified biochar (Talboys et al., 2016). It has also been reported that the modified biochar makes the soil effective phosphorus release period longer, The rate of P diffusion in biochar-amended soils was lower than the unamended soil (Mihoub et al., 2022). The phosphorus fertilizer utilization efficiency in this treatment indicated a stable and continuous release of available phosphorus, reduced phosphorus loss, and higher utilization efficiency.

[image: Nine contour plots arranged in a grid, labeled 30th, 74th, and 110th. Each plot shows a color gradient from red to blue, representing different data values. Color bars indicate value ranges, with red as the highest and blue as the lowest.]
Figure 4 | Dynamic changes of spatial distribution of soil available phosphorus during growth period.30th, 74th and 110th represent the number of days after seedling.The six images from top to bottom are processed as B0P0, B1P1, B0P0, FeB-P1, FeBP-P1, FeBP-P2. B0P1 represents no biochar and no phosphorus fertilizer, B0P1 represents no biochar and conventional phosphate fertilizer, B1P1 represents biochar and conventional phosphate fertilizer, FeB-P1 represents iron-modified biochar and conventional phosphate fertilizer, FeBP-P1 represents phosphorus-loaded Fe-B and conventional phosphate fertilizer, FeBP-P2 represents phosphorus-loaded Fe-B and two third conventional phosphate fertilizer.




3.5 Roots

It can be seen from the Table 1 that not applying phosphorus fertilizer significantly inhibits the development of peanut root. The root surface area of B0P1 treatment was 33.25% and 39.38% higher than that of B0P0 treatment, respectively, at flower-pegging stage and pod setting stage in 2021. By 2022, this situation became more obvious, with the root surface area of B0P1 treatment being 96.21% higher than that of B0P0 treatment. Péret et al. (2011) has found that soil phosphorus can stimulate the development of lateral roots and root hairs, especially for the seedling stage of crops. Sufficient phosphorus can accelerate the early development of the root system, increase the root surface area, while long-term phosphorus deficiency will limit root development, and the longer the deficiency, the more detrimental it will be to the root system (Liu et al., 2023), which is consistent with the results of this study. This study found that in the early growth period, biochar had no significant effect on the development of peanut root. There was no significant difference in root surface area between B1P1 and B0P1 treatments from the 2021 flower-pegging stage to the 2022 flower-pegging stage, but the root surface area of B1P1 treatment was significantly higher than that of B0P1 treatment by 25.83% in the pod setting stage of 2022, which may be due to the phosphorus release effect of biochar (Gwenzi et al., 2018; El-Naggar et al., 2019). This delayed release effect was more obvious in the FeBP P1 treatment, with the root surface area of FeBP P1 treatment being 39.52% higher than that of B0P1 treatment (P<0.05) and 10.88% higher than that of B1P1 treatment (P>0.05) at pod setting stage in 2022. There have been studies showing that phosphorus-release fertilizers can help crop root development and improve root vitality (Li G. et al., 2022; Everaert et al., 2016). The root length, root surface area, and root volume of the FeBP P1 treatment were all higher than those of the FeBP P2 treatment at pod-setting stage in 2021. However, there was no significant difference in these indicators between the two treatments at pod setting stage in 2022, which suggests that even under conditions of reduced phosphorus fertilizer application, the use of slow-release phosphorus fertilizers can promote root development, but with a certain lag. Therefore, the phosphorus release rate of FeBP as a slow-release fertilizer still needs to be further developed.

Table 1 | ANOVA output of different treatments on root length, root surface area and root volume.


[image: Table comparing root metrics for different treatments during the flower-pegging and pod setting stages for 2021 and 2022. Metrics include total root length, root surface area, and root volume. Values show significant differences with mean data notation at P < 0.05.]




4 Conclusions

In this study, the phosphate adsorption by iron-modified biochar (Fe-B) was characterized as chemisorption and monolayer adsorption. Within a specific pH range, Fe-B demonstrated effective phosphate adsorption and could mitigate interference from competing ions. Post-adsorption, the iron-modified biochar showed potential as a phosphorus slow-release fertilizer (Fe-BP). When phosphate fertilizer input was reduced, Fe-BP maintained the available phosphorus content in the peanut rooting zone, thereby not only sustaining peanut yield but also enhancing phosphate fertilizer utilization efficiency. Therefore, it is more economical to apply FeBP in the case of reducing the input of phosphate fertilizer. However, this new type of phosphorus-release fertilizer has a slower release rate, so improving its release efficiency is the focus of the next stage of research.
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Introduction

Accurate diagnosis of the water status of fruit trees is a prerequisite for precise irrigation. Measurement of leaf turgor pressure provides a means to explore the water utilization mechanisms of fruit trees and their responses to water stress. However, there are few studies on the use of daily minimum leaf turgor pressure (Ppmax) to indicate water information in apple tree.





Methods

We monitored Ppmax, stem flow rate (Vstem), leaf water potential, soil water, and the main meteorological factors under two drip irrigation levels (fully irrigated and under-irrigated) to elucidate the temporal dynamics of the daily leaf turgor minimum of apple trees and diagnose the water status of fruit trees.





Results

The results showed that soil water deficiency could reduce leaf turgor pressure and increase Ppmax. In both years, the signal intensity and sensitivity of Ppmax were better than those of Vstem, and the sensitivity was 3.31 and 2.94 times of Vstem, respectively. Compared to Ppmax, Vstem had a higher correlation with meteorological factors and was more affected by meteorological conditions, independent of irrigation treatment. Ppmax was significantly negatively correlated with soil and leaf water potential, and its correlation coefficient was 2.58–4.89 times higher than that between Vstem and both.





Discussion

These results not only enhance our understanding of the water regulation strategies employed by apple trees under drought conditions but also provide a theoretical foundation for developing efficient water-saving practices and precision irrigation strategies for fruit trees.





Keywords: apple tree, leaf turgor pressure, stem flow rate, signal intensity, water status




1 Introduction

Apples are mainly produced in arid and semi-arid regions. Apple production in the Loess Plateau region has rapidly increased in recent years, accounting for one-quarter of the total apple production in China (Huang et al., 2021). However, the region’s lack of water resources and uneven rainfall distribution over time and space have greatly limited apple production. Moreover, unreasonable irrigation methods are usually adopted to achieve a high yield in orchards, leading to wastage of water resources and reduces the water-use efficiency of fruit trees (Wen et al., 2024). Therefore, developing water-saving irrigation technology is fundamental to promote the precise irrigation of orchards and efficient water use by fruit trees (Arbizu-Milagro et al., 2022). Among them, accurate fruit tree water information acquisition is the key to formulating precision irrigation strategies (Faghih et al., 2021).

Many studies have applied environmental parameters (such as soil moisture content and atmospheric temperature) and water physiological indicators (such as trunk diameter, stem and leaf water potential, and leaf thickness) to the water diagnosis of fruit trees (Afzal et al., 2017; Mota et al., 2018; Li et al., 2020; Tsouliasu et al., 2020). However, problems, such as complex processes and unstable accuracy, still exist in the realization of nondestructive continuous monitoring. Stems and leaves are the main organs of fruit tree growth and water transport, and are usually used to indicate the water status of fruit trees. Previous studies have shown that stem flow can provide information about the water status of plants because high transpiration rates lead to more negative tension within the stem xylem (De Swaef and Steppe, 2010), and it is able to directly feedback the effects of plant water on the environment (Wheeler et al., 2023; Zhao et al., 2023). Some researchers have used the stem flow index to evaluate the water-use strategy of apple trees, and the results have shown a correlation between stem flow and the response of fruit trees to drought. Moreover, stem flow technology can be used to quantify the sensitivity and resilience of apple rootstocks to summer water deficits (Muchena et al., 2020; Mobe et al., 2020; Ntshidi et al., 2021). However, other studies found that stem flow is significantly affected by meteorological factors, which may cause errors in the judgment of water information, resulting in insufficient irrigation (Corell et al., 2013). Therefore, whether stem flow accurately represents fruit tree water remains controversial. On this basis, finding a water physiological index with a simple operation and high accuracy is necessary.

At the plant scale, leaf turgor pressure plays a decisive role in stomatal opening and closing and the water-carbon cycle (Knipfer et al., 2020). The relative leaf turgor value (Pp), monitored using a noninvasive magnetic patch-clamp pressure probe (LPCP), can accurately characterize leaf water status (Zimmermann et al., 2008). Many scholars have used this technology to study woody plants, such as olive trees (Marino et al., 2016), grape trees (Rüger et al., 2010a), banana trees (Zimmermann et al., 2010) and persimmon trees (Martinez-Gimeno et al., 2017), as well as crops, such as wheat (Bramley et al., 2013) and pepper (Camoglu et al., 2021), indicating that the leaf turgor pressure change pattern recorded by the LPCP can reflect changes in plant water status. In addition, LPCP technology can help determine the effect of water stress on leaf turgor pressure, as shown by Marino et al. (2021). It was also more sensitive in diagnosing water deficit than other physiological indicators, such as relative water content of the leaves and slight changes in the trunk diameter. These results indicate that leaf turgor pressure has the potential to guide precise irrigation of trees (Fernandes et al., 2017). Scholars have proposed using relative leaf turgor pressure-derived parameters, including daily minimum turgor pressure (Ppmax), daily maximum turgor pressure (Ppmin), and turgor pressure recovery time to quantify changes in leaf turgor pressure more accurately (Rüger et al., 2010b; Riboldi et al., 2016). Xu et al. (2024) analyzed the response of relative leaf turgor pressure parameters at different positions of the apple tree canopy to changes in soil moisture and determined Ppmax as the optimal parameter. However, further investigation is required to determine whether Ppmax can accurately characterize plant water physiology.

In addition, fruit tree growth and the external environment affect the real-time output data of leaf turgor pressure (Gokhan et al., 2021). It is necessary to eliminate the deviation caused by external factors to clarify the accuracy of Ppmax characterization of the apple tree water status and achieve accurate irrigation of apple trees. The signal strength theory is a method for evaluating the sensitivity of plant water diagnostic indicators, which can eliminate error sources and reduce the influence of meteorological factors on the data (Du et al., 2017; Ru et al., 2021). This method has been applied to analyze the response of indicators such as stem flow rate and daily shrinkage of the trunk diameter of apples, peaches, and olive trees to soil water change (Conejero et al., 2007; Fernandez et al., 2011). However, no studies have used this method to evaluate the sensitivity of Pp or its parameters.

Therefore, a two-year field experiment was conducted in apple orchards in the Loess Plateau area with dwarf anvil apple trees treated with different drip irrigation levels. The objectives of the study were to (1) investigate the temporal dynamics of the daily minimum leaf turgor pressure under different soil water conditions and (2) clarify the accuracy of Ppmax in indicating the water status of apple trees under drip irrigation.




2 Materials and methods



2.1 Experiment site

The experiment was conducted at the Fruit Research Institute of Shanxi Agricultural University (112° 32’ E, 37° 23’ N) in 2022 and 2023. The altitude of the experimental site is 781.9 m, the average annual temperature is 9.8 °C, and the frost-free period is 175 days a year. The spring is dry and rainless, the summer and autumn rainfall is high and concentrated, and the annual average rainfall is 459.6 mm, indicating a temperate continental climate. The 0–200 cm soil layer in this area is silty loam, with an average bulk density of 1.47g‧cm-3, an average field water holding ratio (θf) of 30%, and a saturated water content of 49.8%. The fruit trees were covered with polypropylene black ground cloth to reduce ground evaporation and weed growth.




2.2 Irrigation treatment

Two drip irrigation levels were set up in this experiment, fully irrigated treatment (WW), in which the upper and lower limits of soil water content were 70%θf–100%θf, respectively, and under-irrigated treatment (WS), in which the upper and lower limits of soil water content were 50%θf–70%θf, respectively. A single fruit tree was used as the experimental plot, and three replicates were used for each treatment. During the experiment, the soil moisture content was measured weekly, and when the soil moisture reached the lower limit, irrigation was carried out, and water was injected into the upper limit of soil moisture. Orchard management was consistent with the local areas. According to the growth conditions of local apple trees, it is divided into three growth periods: the growth period of new shoots (May 28–July 4), the fruit expansion period (July 5–September 20), and the fruit maturity period (September 21–October 6) in 2022. The growth period of new shoots (May 28–July 10), the fruit expansion period (July 11–September 24), and the fruit maturity period (September 25–October 10) in 2023.




2.3 Measurement



2.3.1 Meteorological and soil moisture

Experiment area adopts Adcon-Ws wireless automatic weather station (ADCON, Germany) to monitor meteorological factors, including rainfall (P, mm), solar radiation (Rs, W‧m-2), atmospheric temperature (Ta, °C) and relative humidity (RH, %). The output step of all monitored data is set to 15 minutes. The saturated vapor pressure difference (VPD, kPa) was calculated using the method described by Buck (1981).

Soil moisture content was monitored 60cm away from the trunk on the east side of each tree. The soil moisture content in the 0–100 cm soil layer was monitored using time-domain reflectometry (IMKO Micromodultechnik GmbH, Ettlingen, Germany). The determination interval was 7d and additional measurements were taken before and after rainfall and irrigation.

The soil water potential of the eastern side of the fruit tree 40cm away from the trunk was measured by WP4C water potential instrument (METER Group Inc, Pullman, USA). The soil depth was 0-100cm, and every 20cm was a soil layer. The measured interval was consistent with the soil moisture content.




2.3.2 Leaf turgor pressure

The leaf turgor pressure probe (LPCP, YARA-ZIM Plant Technology GmbH, Hennigsdorf, Germany) was used to measure the leaf turgor pressure of the apple trees. Three trees were selected per treatment. Before the start of the experiment, leaves with good growth in the eastern, radial and vertical middle of the canopy were selected, and leaf turgor pressure probes were installed on the leaves according to the method of Bramley et al. (2013), avoiding leaf veins. The probe was connected to the CR1000X data acquisition system and set to record the data every 5 min. The relationship between the probe output relative leaf turgor pressure (Pp) and real leaf turgor pressure (Pc) is consistent with Equation 1 (Zimmermann et al., 2008).

[image: The equation shown is: \( P_p = \left( \frac{b}{aP_c + b} \right)^{1/a} \cdot F_a \cdot P_{\text{clamp}} \) labeled as equation (1).] 

Where, a and b are the constants of a single leaf property. Pclamp is the initial magnetic pressure applied by the probe to the blade. Fa is the pressure attenuation coefficient.

In this study, daily maximum Pp (Ppmax) was selected for analysis. The calculation methods of signal strength and sensitivity of Ppmax were as follows.

[image: Equation labeled as (2) shows \( SI_{ppmax} = \frac{Ppmax_{ww}}{Ppmax_{ws}} \).] 

[image: Equation showing \( S_{P_{ymax}} = \frac{SI_{P_{ymax}}}{CV_{P_{ymax}}} \) labeled as equation (3).] 

Where, SIPpmax is the signal strength of Ppmax. PpmaxWW and PpmaxWS are Ppmax under fully irrigated and under-irrigated treatment, respectively. SPpmax is the sensitivity of Ppmax and CVPpmax is the coefficient of variation of Ppmax.




2.3.3 Stem flow

The stem flow of fruit trees installed with a leaf turgor probe was monitored using plant thermal diffusion stem flow meter (TDP, Shiyutong GmbH, Beijing, China), and the data were recorded every 30min. The daily sap flow rate (Vstem) of apple trees was calculated based on the collected data. The signal intensity of the stem flow rate (SIVstem) was the ratio of Vstem in the under-irrigated treatment to Vstem in the fully irrigated treatment. Sensitivity was calculated in the same manner as Ppmax sensitivity.




2.3.4 Leaf water potential

Leaf water potential (Ψleaf) of apple tree with good growth was measured by WP4C water potential instrument (METER Group Inc, Pullman, USA) at 6:00, including three repetitions, with a frequency of 7d.





2.4 Data analysis

Origin 2021 (OriginLab, USA) was used for the data processing and mapping. One-way ANOVA was used to analyze the significance of the SIPpmax and SIVstem (n=3). The correlation between Ppmax, Vstem, meteorological factors, soil moisture, and leaf water potential tested using linear regression. In the analysis of the relationship between Ppmax, Vstem and meteorological factors, the data of Ppmax, Vstem, solar radiation (Rs), atmospheric temperature (Ta), relative humidity (RH), and saturated water vapor pressure difference (VPD) on sunny days were selected, and the data of Ppmax, Vstem, and rainfall (P) on rainy days were selected over two years.

In this study, the frequency analysis of rainfall data in the recent 20 years in the test site was carried out, and the frequency curve with the horizontal axis as frequency and the vertical axis as total rainfall (P) was drawn. Each hydrological year type can be obtained by the curve, namely, the wet year (P < 530.5mm), the normal year (530.5mm< P <367.0mm) and the dry year (P > 367.0mm).





3 Results



3.1 Changes in meteorological conditions

During the two experimental years, the change patterns of meteorological conditions were similar (Figure 1). Specifically, Ta showed a trend of first increasing and then decreasing as apple tree growth progressed. The average temperature during the whole growth period of apple trees was 21.05 °C and 21.53 °C in 2022 and 2023, respectively. The highest temperature was reached in early August (29.01 °C) and mid-July (29.27 °C). The lowest temperatures in both years were recorded at the end of the reproductive period. During the two-year growth period, the RH showed a pattern of increasing fluctuation in the early period and stable fluctuation in the later period, and the relative humidity had a larger range of change in the early period of 2023. The variation laws of Rs and VPD were opposite; both gradually decreased with increasing time, and the fluctuation range was large. The years 2022 and 2023 are normal and dry years, respectively. The cumulative rainfall during the whole growth period of apple trees was 378.00 mm and 295.62 mm.

[image: Two graphs labeled A and B display environmental data over a year. Both graphs show temperature (Ta, red line), relative humidity (RH, black line), and precipitation (P, blue bars) in the top panels. The bottom panels depict solar radiation (Rs, orange line) and vapor pressure deficit (VPD, green line). Graph A covers data from May 2022 to October 2022, while Graph B covers May 2023 to October 2023. Dates and measurements are marked on the axes.]
Figure 1 | Changes of temperature (Ta), relative humidity (RH), rainfall (P), solar radiation (Rs) and saturated water vapor pressure difference (VPD) during the two-year experiment. (A) Meteorological conditions during the 2022 trial period. (B) Meteorological conditions during the 2023 trial period.




3.2 Change of Ppmax growth period of apple tree

As shown in Figure 2, there were differences in the Ppmax between the different irrigation treatments during the two experimental years. The Ppmax of the WS treatment was higher than that of the WW treatment, and the average Ppmax of the WS treatment was 1.62 and 1.27 times that of the WW treatment in 2022 and 2023, respectively. During the experiment, with a decrease in soil water content, the leaf turgor pressure of apple trees decreased, and Ppmax increased. When irrigation or rainfall occurred, the leaf water of the fruit tree was supplemented, and Ppmax decreased sharply and then returned to normal levels. In the two years, Ppmax was reduced by a maximum of 10.58% and 10.45% in the WW treatment after irrigation, compared to that before irrigation. However, Ppmax of the WS treatment decreased by 1.65% and 7.39%, respectively. The effect of rainfall on the Ppmax of apple trees was higher than that of irrigation, which was reflected by the maximum reduction in Ppmax of the WW and WS treatments by 22.03% and 18.02%, respectively, over the two years.

[image: Two line graphs compare Ppmax (kPa) over time during 2022 and 2023, with date ranges from May to October. Each graph shows two lines: red (Ppmaxww) and black (Ppmaxws). Both graphs highlight three growth phases: new shoots, fruit expanding, and fruit maturing. Blue arrows mark key points on both graphs.]
Figure 2 | Changes of Ppmax in 2022 and 2023. The blue arrow shows the irrigation time.

In 2022 and 2023, with the advancement of the growth period, the Ppmax of apple trees showed a trend of first increasing and then decreasing (Table 1), with stable fluctuations in the early stage and sharp fluctuations in the late stage (Figure 2). In the new shoots growth stage in 2022, the soil moisture under WW treatment was sufficient, the leaf turgor pressure of fruit trees remained stable, and Ppmax fluctuated in the range of 71.09–83.77 kPa, while Ppmax under WS treatment increased slightly (except for rainfall and irrigation periods). The Ppmax of the two treatments entered the severe fluctuation stage at the fruit expansion stage and increased significantly, reaching the highest value in mid-August (fruit expansion stage), increasing by 41.45% and 34.31%, respectively, compared with the initial observation value. At the fruit maturity stage, Ppmax in the WW treatment gradually stabilized, whereas that in the WS treatment was still fluctuating and showed a small decrease. By 2023, the changes in Ppmax were similar between the WW and WS treatments. At the early stage of the experiment, the soil moisture was sufficient, and the Ppmax of the two treatments remained in a stable fluctuation range. With the growth of fruit trees, Ppmax increases during the late stage of flourishing of the new shoots. Upon entering the fruit expansion stage, the fluctuation range of Ppmax increased for both treatments. On July 30, rainfall was 84.68mm, resulting in the lowest Ppmax values of the WW and WS treatments, which were 65.64 and 80.75 kPa, and decreased by 17.79% and 14.04%, respectively, compared with the Ppmax before the rain. The Ppmax of the two treatments reached a maximum value at the end of August, which was 1.26 and 1.32 times of the initial value, respectively. At the end of the growth period, Ppmax in both treatments decreased and stabilized at maturity.

Table 1 | Daily average Ppmax of each growth period in 2022 and 2023.


[image: Table comparing Ppmax values (kPa) for two conditions over two years. In 2022, Ppmax for new shoots is 77.22 and 129.25; fruit expanding is 89.68 and 137.97; fruit maturing is 79.76 and 132.30; whole growth season is 82.22 and 133.17. In 2023, new shoots are 77.86 and 99.60; fruit expanding is 85.60 and 105.71; fruit maturing is 79.00 and 103.28; whole growth season is 80.82 and 102.86.]



3.3 Difference in signal strength between Ppmax and Vstem

The mean daily signal intensities of Ppmax (SIPpmax) and Vstem (SIVstem) differed significantly between 2022 and 2023 (Table 2). In 2022, SIPpmax gradually increased during the growing season of apple trees. The Ppmax signal value of each stage was 3.25–4.02 times that of SIVstem, and the difference between the two reached a very significant level at the fruit maturity stage and the entire growth stage (p < 0.01). The variation range of SIVstem during the entire growth period of the apple trees was 0.15, which was much lower than that of SIPpmax (0.43). In addition, under the influence of frequent rainfall, the variability of Ppmax in the WS treatment during the reproductive growth period increased to varying degrees compared with that in the nutrient stage. The CV value of Ppmax in the fruit maturity period was the highest, increasing by 61.29% compared with that in the new shoot growth stage. Ppmax sensitivity tended to decrease during the later stages of growth. However, although the lower variability of Vstem during fruit maturity resulted in a lower CV than that of Ppmax for the entire growth period, it also resulted in a 3.31-fold reduction in sensitivity owing to its smaller signal value. In 2023, SIPpmax first increased and then decreased during the entire apple tree growth period. The mean SIPpmax of the entire growth period was significantly higher than that of SIVstem and increased by 62.62% compared with SIVstem. In contrast to 2022, the CV value of Ppmax in 2023 was lower than that of Vstem, and its sensitivity was 2.94 times higher than that of Vstem.

Table 2 | Ppmax and Vstem signal strength, coefficient of variation, and sensitivity for 2022 and 2023.


[image: A table compares growth data in 2022 and 2023 for new shoots, fruit expanding, fruit maturing, and the whole growth season. Columns include data number, signal strength (SI), coefficient of variation (CV), and sensitivity (S), with separate values for Ppmax and Vstem. SI values are annotated, indicating differences between Ppmax and Vstem where significant (p < 0.05).]



3.4 Relationship between Ppmax and Vstem and meteorological factors

The correlations between Ppmax and Vstem and the meteorological factors in 2022 and 2023 were analyzed, and the results are shown in Figures 3, 4. In 2022, Ppmax in the WW and WS treatments was negatively correlated with Rs, Ta, and VPD and positively correlated with RH. A negative correlation was observed between the Ppmax and rainfall. In general, Ppmax treated with WW had a high correlation with meteorological factors (0.05–0.50), and it had the highest correlation with RH, followed by VPD, and the lowest correlation with Ta. However, the response of the WS treatment to meteorological factors differed, relative humidity and rainfall were the main factors influencing Ppmax under inadequate irrigation. Compared with Ppmax, the determination coefficients of Vstem and various meteorological factors significantly increased and reached a very significant level (p < 0.01), which was unrelated to the irrigation treatment. The correlation between Vstem and VPD was the highest, indicating that VPD is the main meteorological factor causing changes in the stem flow rate in apple trees. In 2023, the Ppmax of the two treatments was positively correlated with RH and Ta and negatively correlated with VPD and P. Except for the correlation between Ppmax and RH in the WW treatment, the correlation coefficients between Ppmax and meteorological factors were lower than those between Vstem and meteorological factors, and this difference was more significant under inadequate irrigation. The WW-treated Vstem showed a strong correlation with Rs, followed by VPD, and a weak correlation with P. The effect of VPD on the Vstem of apple trees in the WS treatment was greater than that of Rs.

[image: Scatter plot matrix displaying relationships between variables: solar radiation (Rs), relative humidity (RH), air temperature (Ta), vapor pressure deficit (VPD), and precipitation (P). The top row shows Ppmax and the bottom Vstem. Data points are color-coded, and linear regression lines with equations and R-squared values are provided for each plot.]
Figure 3 | Correlation of Ppmax and Vstem with meteorological factors in 2022.

[image: Scatter plots show the relationships between environmental variables (Rs, RH, Ta, VPD, P) and physiological measurements (Ppmax, Vstem) under different conditions (Ppmax_WW, Ppmax_WS, Vstem_WW, Vstem_WS). Each plot includes linear regression equations and R-squared values indicating the strength of correlation. Data points are colored or shaped differently to represent specific conditions.]
Figure 4 | Correlation of Ppmax and Vstem with meteorological factors in 2023.




3.5 Relationship between Ppmax and Vstem and soil and leaf water potential

In both test years, Ppmax was significantly negatively correlated with leaf and soil water potential (p < 0.01), whereas Vstem was positively correlated with leaf and soil water potential (Figure 5). In 2022, the correlation between Vstem and Ψleaf was low and did not reach statistical significance (p > 0.05). There was a significant correlation between Vstem and Ψleaf in 2023, but its coefficient of determination was 4.89 times lower than those of Ppmax and Ψleaf. The correlation between Vstem and Ψsoil reached a significant level in both years (p < 0.01), but the correlation coefficient was significantly lower than that between Ppmax and Ψleaf.

[image: Four scatter plots show relationships between various variables.   Top left: Ppmax versus Ψ_leaf, 2022 data (blue squares), 2023 data (red circles). Linear regression lines indicate R² = 0.13 and R² = 0.44 respectively.  Top right: Ppmax versus Ψ_soil, 2022 data (blue squares), 2023 data (red circles). Linear regression lines show R² = 0.47 and R² = 0.49 respectively.  Bottom left: Vstem versus Ψ_leaf, 2022 data (green squares), 2023 data (orange circles). Linear regression lines indicate R² = 0.04 and R² = 0.09 respectively.  Bottom right: Vstem versus Ψ_soil, 2022 data (green squares), 2023 data (orange circles). Linear regression lines show R² = 0.15 and R² = 0.19 respectively.]
Figure 5 | Correlation between two-year Ppmax, Vstem and leaf water potential and soil-water potential.





4 Discussion



4.1 Ppmax change patterns

Leaf turgor pressure plays a key role in plant water physiology. Water absorption and expansion of plant cells increase turgor pressure, whereas cell water loss causes protoplasts to contract, resulting in a decrease in turgor pressure (Crabos et al., 2023). In this study, the full irrigation treatment was applied in mid-May; therefore, the Ppmax values for the full irrigation treatment were significantly lower than those for the water deficit treatment on and after May 28, indicating that soil water deficit reduced leaf turgor pressure. Because the expansion of leaf cells mainly depends on water absorption and transportation in tree bodies, low soil water may limit the water absorption of roots, resulting in reduced hydraulic conductivity, leaf water loss, and turgor pressure (Thalheimer et al., 2024).

In the 2022 and 2023 trial years, the Ppmax of apple trees under adequate water conditions exhibited an initial increasing trend followed by a subsequent decrease throughout the entire growth period, primarily influenced by the intrinsic growth characteristics of the apple trees. Canopy coverage during the growing season is a major factor driving water utilization in apple orchards (Mupambi, 2017). Smaller leaf area resulted in a low water consumption intensity during the early stages of the experiment. As the growth period advanced, the leaf area of fruit trees reached the highest, and the enhances of transpiration demand and nutrient requirements led to increased leaf water consumption and Ppmax. At the same time, the beginning of fruit development increased the osmotic load of phloem, which affected the water storage dynamics of trees (Perez-Arcoiza et al., 2022). At the fruit maturity stage, the increase in abscisic acid content promoted stomatal closure, which reduced leaf transpiration and moisture loss while enhancing leaf turgor pressure. Therefore, Ppmax decreased and then returned to its initial level. Different from the change of leaf turgor pressure under full irrigation, Ppmax under water deficit treatment did not fully recover at the end of growing season. The reason may be that the low water content of the tree could not meet the demand of leaf turgor pressure recovery in the later stage of the experiment. A similar phenomenon can be observed in olive trees (Marino et al., 2021). However, Bader et al. (2014) found that the turgor pressure of barley leaves did not shift upward from the baseline, indicating that turgor pressure fully recovered at night, mainly because the tight stomatal regulation may help prevent excessive dehydration of leaves. In addition, the flow of phloem to fruit will be reduced or the xylem return will be increased when trees reach severe water deficit, which may also have an impact on leaf water (Tao et al., 2023).

The Ppmax of apple trees in 2022 fluctuated more sharply than that in 2023, due to the difference in leaf water content caused by different rainfall in the two years. Zimmermann et al. (2010) proved that maintaining good water conditions are critical for plant Pp oscillations. The results of this study show that frequent rainfall in 2022 could provide sufficient water for fruit trees. However, drought in 2023 limited the absorption and transport of water in the leaves and thus weakening the changes in leaf turgor pressure. This was stimulated by endogenous factors such as reduced root water conductance under drought stress, ABA accumulation, changes in guard cells, aquaporin-mediated hydraulic conduction, and transpiration potential across the root-hair boundary (Bramley et al., 2013). Previous studies have reported fluctuations in Pp signal in grape and banana plants, attributed to stomatal changes (Dzikiti et al., 2007; Westhoff et al., 2009). Due to physical or chemical reasons, stomata opening leads to increased water conductivity, water loss, and ultimately reduced leaf turgor pressure (Zimmermann et al., 2013). Furthermore, there was a strong correlation between the frequency (and amplitude) of the Pp oscillations and wind speed. The increase in wind speed significantly reduced the boundary layer on the leaves, which, in turn, temporarily increased local transpiration and thus reduced turgor pressure (Zimmermann et al., 2010).




4.2 Ppmax had superior signal strength and sensitivity

We investigated for the first time the difference in signal intensity, variability and sensitivity between Ppmax and Vstem to evaluate the reliability of Ppmax in indicating the water status of apple trees. In this study, Ppmax was found to be more suitable than Vstem as an indicator of water quality in apple trees. It was previously reported that Vstem is a reliable and widely used parameter for characterizing plant water status (Kamakura et al., 2021; Wu et al., 2024). However, in this experiment, SIPpmax was consistently higher than SIVstem throughout the apple tree growth stage in 2022 and 2023, with a maximum difference of 4.02 times. This may be related to the water transport capacity of leaves and stems. Some studies have found that plant leaves lose water transport efficiency earlier than that of stems during drought. This was due to the coordination between the reduction of hydraulic conductivity of the leaf vascular and extra-vascular level and the turgor pressure loss by leaf cells resulting in stomatal closure (Lo Gullo et al., 2003). However, the leaf turgor pressure can quickly recover when soil water availability is restored, suggesting that damage to leaf cells or water transport systems can be effectively reversed at the end of the dry period. This was mainly because the decrease in leaf hydraulic conductivity is not only the result of venous embolization but also cell contraction of the extracellular xylem pathway, and the consequent increased resistance may play an important role (Savi et al., 2016). Moreover, the fluctuation of SIPpmax during the entire growing season was between 0.39 and 0.43, which was much greater than the fluctuation of SIVstem in the growing season of apple trees. This indicated that Ppmax responds more sensitively to difference in soil moisture and saturated water pressure. This may be because the intensity of water storage and consumption in leaves was greater than that in stems, resulting in more frequent contraction and expansion of leaf guard cells observed at later stages of growth (Du et al., 2017). Based on the hydraulic segmentation hypothesis, leaves generally show higher vulnerability and are more prone to embolisms than stems. Therefore, trees may rely on leaf water consumption or shedding under drought conditions to maintain the stem hydraulic function (Bryant et al., 2021; Li et al., 2024). After embolization, repair is required to avoid the accumulation of nonfunctional catheters and complete loss of water conductivity, manifested by increased tissue water content (Bucci et al., 2012).

In 2022, Ppmax had more variability than Vstem, but the lower signal strength of Vstem led to lower sensitivity compared to Ppmax. The leaf turgor changes via back pressure of the common epidermal cells, for example, feedback on fine regulation of the stomatal aperture. On the one hand, frequent rainfall during the fruit ripening stage could cause the changes in atmospheric humidity and preferentially influence on leaf stomatal size, resulting in an increased Ppmax fluctuation frequency under inadequate irrigation conditions (Binstock et al., 2024). On the other hand, the absorption of large amounts of water by fruit trees caused changes in ion uptake, pH in the xylem sap, and chemical signals, which induced changes in stomatal aperture (Barragán et al., 2012). By 2023, the variability and sensitivity of Ppmax were better than those of Vstem, and this result has not been widely reported. It has been pointed out that stem flow occurs only when the xylem tension gradient exceeds a certain threshold; therefore, there will be a lag in the start or peak time of the stem flow rate (Rodriguez-Dominguez et al., 2012). Moreover, water in the stems of woody plants is mainly stored in the elastic bark tissue, indicating that the initiation of stem flow is limited by structural resistance, such as cell membranes and intercellular strands (Wan et al., 2023; Wang et al., 2023). Therefore, it is reasonable to assume that leaves and stems do not form a strictly coupled water flow system within a short time range, which may also be the reason for the rapid leaf turgor change and delayed stem flow feedback. In conclusion, based on the signal strength theory, Ppmax was a superior diagnostic indicator of water status in fruit trees compared to Vstem.




4.3 Ppmax was closely related to soil and fruit tree moisture

Changes in the moisture content of fruit trees closely related to meteorological conditions. Xu et al. (2024) concluded that on sunny days, the Pp of apple trees presented a diurnal variation curve with high values during the day and low values at night. In contrast, the variation amplitude decreased significantly, and the peak value decreased on rainy days. Therefore, different weather conditions cause differences in leaf turgor pressure. Based on the relationship between Ppmax and Vstem and meteorological factors under different weather conditions, we found that RH and VPD were the main factors affecting Ppmax in apple trees in 2022. In 2023, relative humidity was positively correlated with Ppmax, and VPD negatively affected Ppmax, which may be due to the isohydric behavior of apple trees. When the saturated water vapor pressure deficit increases, accompanied by a decrease in relative humidity, stomatal closure restricts water exchange with the outside world, resulting in a relatively constant leaf water potential. At this moment, the turgor pressure exhibited a steady or rising trend, leading to a decrease in Ppmax (Zhao et al., 2023). A similar phenomenon has been observed in pear trees by Kaneko et al. (2024). When water was insufficient, the isohydric behavior of pear leaves helped minimize the negative change in the water balance, thus reducing the adverse impact on the fruit. In contrast, the correlation between Vstem and meteorological factors increased significantly in both years, with minimum and maximum determination coefficients of 0.17 and 0.73, respectively. This indicated that the stem flow rate of apple trees is more sensitive to changes in meteorological conditions. In contrast, Ppmax was less affected by meteorological factors, and its changes were more attributable to the water supply and loss of fruit trees. These results are similar to those of Ehrenberger et al. (2012), who found that stem water deficit and Pp were significantly dependent on weather conditions in young oak trees; however, stem water deficit was significantly more sensitive to changes in VPD than Pp. This most likely reflects a hierarchical order of water partitioning within trees giving more preference to water demanding leaves than to water storing bark tissue to keep the leaf water content in an optimal range for physiological functions, such as photosynthetic carbon sequestration.

Additionally, the results of this study showed that Ppmax was significantly correlated with soil water potential and morning leaf water potential, supporting the view that Ppmax is a better indicator of apple tree water status than Vstem. Leaf turgor pressure is the pressure exerted on the cell wall by protoplasts within plant cells (Blackman, 2018). Turgor changes in guard cells are mediated by transport of solute (K+). Based on the water activity feedback hypothesis, the positive regulation of the osmotic pressure of guard cells in proportion to leaf turgor pressure may explain the close relationship between Ppmax and leaf water potential (Rodriguez-Dominguez et al., 2016). Some scholars have found in research on various tree species and crops that Pp gradually decreased with an increase in leaf water potential or noon stem water potential (Fernandez et al., 2011), which is similar to the results of our study. However, Vstem has a lower correlation with soil and leaf water potential because stem flow is not only affected by evapotranspiration and environmental conditions but is also limited by canopy coverage (Fu et al., 2022; Niessner et al., 2024). Thes conclusions are significant for the management of deficit irrigation strategies. Furthermore, turgor pressure is an internal factor that induces stomatal closure under water stress, which may further affect the photosynthetic capacity and yield of plants (Aaron and Xue, 2022; Miranda et al., 2022). It has been pointed out that different mesophyll cells will lose filling under different water conditions. In particular, stomatal protective cells are able to maintain higher turgor pressure than other epidermal cells, which may delay the complete closure of stomata under drought conditions (Franks and Farquhar, 2007). Therefore, the relationship between leaf turgor pressure and stomatal opening and closing should be further analyzed from the aspects of cell tissue and anatomical structure.





5 Conclusion

Monitoring the Ppmax of apple trees under different soil water conditions showed that the Ppmax of the full irrigation treatment was significantly lower than that of the under-irrigation treatment, and the average Ppmax of the water deficit treatment was 61.97% and 27.27% higher than that of the full water treatment. Ppmax treated with water deficiency did not recover completely at the end of the growing season. There were significant differences between SIPpmax and SIVstem in apple trees, as shown by SIPpmax was higher than SIVstem at each growth stage. In comparison to Vstem, Ppmax exhibited superior and sensitivity to variations in soil water content, demonstrating a lower correlation with meteorological factors but a stronger association with both soil moisture and fruit tree water content. In the future, it will be necessary to explore the relationship between Ppmax, the opening and closing of fruit tree stomata, and photosynthesis intensity further. This of great importance to explain the growth mechanisms of fruit trees comprehensively.
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Due to the increasing water scarcity and the need for sustainable agricultural practices in arid regions, optimizing water and fertilizer management is crucial for enhancing crop productivity and resource efficiency. Field experiments in 2022 and 2023 in northwestern China’s arid region explored the impacts of irrigation volume, organic fertilizer use, and their coupling on pumpkin yield, quality, and water-fertilizer efficiency. The study included ten treatments with a completely randomized two-factor design, comprising three irrigation quotas, three organic fertilizer application rates and a control group (CK). The results showed that the organic fertilizer application significantly enhanced soil moisture content, which peaked at a depth of 50 cm. Irrigation quota and organic fertilizer application had a highly significant impact on pumpkin vine length and stem diameter (P < 0.01), with a significant interaction between the two factors (P < 0.05). The rate of dry matter accumulation in pumpkin peaked at 60 ~ 80 days after sowing, with a trend of F2 > F3 > F1 in dry matter accumulation at identical irrigation quota. The effects of irrigation volume, organic fertilizer application and water-fertilizer coupling on pumpkin yield, irrigation water use efficiency (IWUE), partial fertilizer productivity (PFP) and pumpkin quality were statistically highly significant (P < 0.01). Specifically, increasing the irrigation volume from W1 to W3 increased the yield by 17.36%. However, pumpkin yield initially increased and then decreased in response to increasing organic fertilizer application. IWUE increased and then decreased with the increase of organic fertilizer application, while PFP increased with the increase of irrigation volume. Regression analysis revealed that the optimal range for irrigation quota to ensure pumpkin quality was 430 ~ 506 m3·ha-1, and that for organic fertilizer application was 5,373 ~ 6,570 kg·ha-1. When only quality indicators were considered, the W2F2 treatment performed well. However, from the comprehensive evaluation of pumpkin yield, quality, and water and fertilizer use efficiency using the TOPSIS method, the W3F2 treatment was identified as the most suitable among the water- fertilizer coupling management modes considered in this study for pumpkin cultivation in the arid northwestern China.
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1 Introduction

Pumpkin is a rich source of dietary fiber, making it suitable for various food and health products. Moreover, its cultivation by farmers as one of the most common cash crops not only brought high economic benefits but also contributed to its widespread availability on the market (Bai et al., 2020). According to FAO statistics, the global pumpkin production reached 2.38 million tonnes in 2021, of which China accounted for 31.2% with 0.74 million tonnes (Food and Agricultural Organization, 2021). The Northwest Arid Region is the main production area of pumpkin production in China. However, the Northwest Arid Region is located deep in the interior and is characterized by low rainfall and a dry climate. The average annual rainfall is less than 200 mm, while the annual evaporation is more than 1000 mm (Shan et al., 2020; Wu and Du, 2020). Pumpkin is highly drought tolerant and does not have strict soil requirements (Liu et al., 2023), making it valuable and ecologically adaptable for cultivation in this area.

In recent years, the substitution of chemical fertilizers with organic fertilizers has received increasing attention as a sustainable approach for agricultural development, by improving soil physical, chemical, and biological properties (Tang et al., 2019; Wang et al., 2018). The use of organic fertilizer could enhance soil ecological environment, improve soil fertility, activate soil nutrients, raise nutrient absorption and utilization by crops, promote crop growth and yield increase, and enhance crop quality (Wu et al., 2024; Zhao et al., 2024). The problems of uneven distribution of water resources, irrational irrigation practices (Cai et al., 2022), excessive nitrogen fertilizer application, declining water and fertilizer efficiency (Qi et al., 2020), farmland ecological pollution (Luo et al., 2024), poor soil quality (Hui et al., 2022), and low quality of agricultural products in the arid region of northwestern China had greatly hindered the yield and quality of pumpkin, and prevented the sustainable development of the economy and society in this region (Chen et al., 2019a; Sá et al., 2023). Pumpkin yield and quality were significantly influenced by the use of irrigation levels and fertilization practices (Zhong et al., 2024). Insufficient soil moisture restricts pumpkin growth, resulting in reduced yield and poor quality (Li et al., 2022). Chen et al. (2019b) observed a nonlinear relationship between fertilizer application and pumpkin yield, with an initial increase followed by a subsequent decrease.

Water plays a key role in enhancing the effectiveness of fertilizer, while fertilizer is the key to unlocking the productive efficiency of the soil-water system. Therefore, the determination of the appropriate amount of fertilizer must be closely linked to the water status (Li et al., 2023; Stoleru et al., 2020). Coupled with the lack of scientific and effective irrigation and fertilizer management measures by local farmers, the application amount of irrigation water and fertilizer to pumpkin far exceeded its actual needs (Zhang et al., 2023a), resulting in a waste of valuable resources and a reduction in their use efficiency. Meanwhile, excessive irrigation and fertilization could aggravate soil salinization (Zhang et al., 2023b) and lead to soil contamination in farmland (Zeng et al., 2019), severely hindering the growth and development of pumpkin. Exceeding a certain range of irrigation and fertilization application could lead to a decrease in pumpkin yield, quality and water and fertilizer use efficiency (Wang et al., 2021; Yu et al., 2020). Reasonable irrigation and fertilization practices have been shown to improve pumpkin yield, quality, water use efficiency, and fertilizer partial productivity (Ali et al., 2018; Wang and Xing, 2017). Liu et al. (2019) revealed the nonlinear impacts of irrigation and fertilization on both crop yield and quality. The findings showed that the optimized crop performance could be achieved with moderate water and fertilizer inputs, while excessive inputs resulted in reduced yield, compromised quality, and reduced efficiency of water and fertilizer use. Therefore, it would be crucial to ensure a proper application of water and fertilizer to maximize pumpkin yield, improve its quality and increase the use efficiency of water and fertilizer.

Although irrigation and organic fertilizer application have been widely used in pumpkin production in the arid regions of northwest China, previous studies have mainly focused on individual factors (Li et al., 2022; Walters, 2020; Yavuz et al., 2015) and water-nitrogen coupling (Li et al., 2019; Su et al., 2023). The comprehensive effects of irrigation amount, organic fertilizer application rate, and their interaction on pumpkin yield, quality, as well as water and fertilizer use efficiency remain unclear. Therefore, a study would be carried out aiming to the impacts of irrigation amount and organic fertilizer application on soil water content, pumpkin growth, dry matter accumulation, yield, quality, water use efficiency, and fertilizer partial productivity. Regression analysis would also be used to identify the optimum intervals of irrigation quota and organic fertilizer application to ensure the optimal pumpkin quality. Based on TOPSIS, pumpkin yield, quality, and use efficiency of water and fertilizer would be comprehensively evaluated. Eventually, a coupling scheme of irrigation amount and organic fertilizer application suitable for pumpkin cultivation in the arid region of Northwest China would be proposed. The results of this research would provide a theoretical basis and scientific guidance for enhancing the yield and quality of pumpkin while ensuring the efficient use of water and fertilizer resources in the region.




2 Materials and methods



2.1 Overview of test area

Field experiments were conducted at the Minqin Irrigation Experimental Station of Gansu Academy of Water Conservancy Science from April to September in 2022 and 2023. The experimental station is located in Dongda Village (38°37’ N, 130°05’ E, altitude 1300 m), Datan Township, about 13.5 km north of Minqin County. The geographical location of the experimental area is shown in Figure 1. This area represents a typical continental desert climate at the junction of an oasis and the Tengger Desert. The average annual temperature is 7.8°C, with an average annual precipitation of 110mm and an average annual evaporation of 2644 mm. Figure 2 illustrates the precipitation and average temperature during the test period in both years. The total precipitation during the pumpkin growing season in 2022 and 2023 is 83.19 mm and 44.36 mm, respectively. The soil within the experimental site consists of clay loam from 0 to 60 cm, gradually transitioning into sandy loam below this layer. The average dry bulk density of the 0 ~ 100 cm soil was 1.54 g·cm-3, the average specific gravity was 2.61 g·cm-3, the average porosity was 42.80%, the average field water holding capacity was 23.00% and the permanent wilting point was 7.65%. The soil organic matter content of the trial area was 0.53%, total nitrogen 0.045%, total phosphorus 0.12%, total potassium 1.67%, alkaline dissolved nitrogen 18.7 mg·kg-1, quick release phosphorus 15.98 mg·kg-1, quick release potassium 155 mg·kg-1, and pH 7.96.

[image: Map of Wuwei City, Gansu Province, highlighting Minqin County, Liangzhou District, Gulang County, and Tianzhu Tibetan Autonomous County. Elevation ranges from 1,246 to 4,853 meters. An inset shows Wuwei’s location in Gansu. A red star marks the study area.]
Figure 1 | Geographical location of the test area (located in Minqin County, Gansu Province, China), indicated by the coordinates 38°37’ N latitude and 103°05’ E longitude, and an elevation of 1300 meters above sea level.

[image: Line charts compare precipitation and temperature over 120 days after sowing for the years 2022 and 2023. Precipitation, shown in blue bars, totals 83.19 mm in 2022 and 44.36 mm in 2023. Temperature is indicated with a red line and shaded area, showing average and variability. Key growth stages are marked as G, Se, Sp, F, M.]
Figure 2 | Daily precipitation and average air temperature during pumpkin growing season in 2022 and 2023. Different color blocks indicate different growth stages of pumpkin. G is germination stage, Se is seedling stage, Sp is the sprouting stage, F is flowering stage, M is maturity stage.




2.2 Experimental design

The experiment employed a completely randomized two-factor design, with two control factors: irrigation quota and organic fertilizer application amount. The irrigation quota and organic fertilizer application amount were selected based on local agricultural practices in arid northwest China. The irrigation quota consisted of three levels: W1 (375 m3·ha-1), W2 (450 m3·ha-1), and W3 (525 m3·ha-1). And there were three levels of organic fertilizer application: F1 (4500 kg·ha-1), F2 (5700 kg·ha-1), and F3 (6900 kg·ha-1). The control treatment (CK) represented the level of conventional irrigation and chemical fertilizer application used by local farmers, with an irrigation quota of 525 m3·ha-1 and a fertilizer level consisting of a base fertilizer of 300 kg·ha-1 diammonium phosphate and 450 kg·ha-1 urea, along with two top dressings of 300 kg·ha-1 urea each. A total of ten treatments were applied, with each treatment replicated three times on thirty 75 m2 (30 m×2.5 m) plots. Table 1 provides detailed information on the irrigation and fertilization scheme used in this study. Notably, top dressing was applied twice during both the late sprouting and flowering stages. To ensure seedling emergence, all treatments received one a pre-sowing irrigation event at a rate of 450 m3·ha-1. Throughout the growing season, irrigation was conducted thrice according to the experimental design.

Table 1 | Experimental design scheme.


[image: A table with columns for treatments, base fertilizer, top dressing fertilizer, top dressing times, irrigation quota, and irrigation times. Treatments range from F1W1 to F3W3, with variations in base and top dressing fertilizer amounts. Each treatment involves two top dressing applications and three irrigation times. The CK treatment uses different fertilizers, including diammonium phosphate and urea.]
The experimental pumpkin variety, ‘Sweet Pumpkin’, was sown on 24 April 2022 and 29 April 2023, and harvested on 12 August 2022 and 20 August 2023, respectively. The experiment employed a single furrow planting pattern with one film covering two rows. The large row spacing was set at 200 cm, while the small row spacing was maintained at 50 cm with a planting distance of 30 cm. The planting pattern is shown in Figure 3. Prior to sowing, the land was raked, leveled, furrowed and irrigated. The organic fertilizer used in this study was sourced from Lanzhou Xindali Water and Fertilizer Integrated Service Co., Ltd., and met the following criteria: N + P2O5 + K2O ≥18%, effective bacteria (Bacillus subtilis + Bacillus licheniformis) ≥0.5 million/ml, amino acids ≥3%.

[image: a) Diagram showing experimental setup with mulch film and plant treatments at specified distances. b) Two people lay mulch film over soil rows in a field. c) Lush green plants grow densely in rows with small solar panels visible at intervals.]
Figure 3 | The design of field experiment in 2022 and 2023. Planting pattern (A). Photos of pumpkin planting photo (B) and pre-harvest pumpkin photo (C). Photos (B, C) were taken by the authors.




2.3 Elements and methods of determination



2.3.1 Soil moisture content

At each growth stage of pumpkin, soil samples were taken at intervals of 20 cm between 0 and 100 cm depth using the soil drilling method, and then analyzed for moisture content by a drying technique.




2.3.2 Vine length and stem diameter

At each growth stage of pumpkin, three representative plants with uniform growth characteristics were randomly selected from each plot based on visual inspection and labeled. The vine length and stem diameter were measured using a tape and a caliper, respectively.




2.3.3 Dry matter weight

At each growth stage of pumpkin, three plants that appeared to be of average growth and health were randomly selected from each plot based on visual assessment and subjected to oven drying at 105°C for 30 minutes, followed by further drying at 75°C until a constant weight was reached. The dry matter weight of the above-ground portion in pumpkin plant was measured using an electronic balance with an accuracy of 0.01 g.




2.3.4 Pumpkin yield

At maturity, three representative plants that exhibited average fruit size and uniformity were randomly sampled from each plot based on visual inspection to quantify the pumpkin fruit yield.




2.3.5 Irrigation water use efficiency and partial fertilizer productivity

The irrigation water use efficiency (IWUE, kg·m-3) is calculated according to Equation 1:

[image: Equation representing irrigation water use efficiency: \( IWUE = Y / I \), labeled as equation (1).] 

Where Y is the yield of pumpkin, kg·ha-1; I is the irrigation amount, m3·ha-1.

The calculation of the partial fertilizer productivity (PFP, kg·kg-1) is shown in Equation 2:

[image: Equation labeled as number two, depicting "PFP equals Y over F".] 

Where Y is the yield of pumpkin, kg·ha-1; F is the total amount of fertilizer, kg·ha-1.




2.3.6 Determining pumpkin quality

After the pumpkin reached maturity, three pumpkins that appeared to be of average size and uniformity were selected from each plot based on visual inspection to determine the levels of various quality indices. The concentrations of soluble sugars, vitamin C, and soluble solids in the pumpkin samples were quantified using a kit supplied by Beijing Box Biotechnology Co., Ltd.





2.4 Data analysis

Data compilation was done using Excel 2021, drawing was conducted with Origin 2023 software. Statistical analysis was performed using SPSS 26.0 software, with one-way ANOVA for each indicator among different treatments and Duncan’s method for multiple comparisons (P<0.05). Two-way ANOVA was employed to test the effects of irrigation quota and organic fertilizer application, as well as their interaction on the pumpkin (P<0.05). The different coupling modes of irrigation quota and organic fertilizer application were comprehensively evaluated using the TOPSIS method (Yu et al., 2023).





3 Results and analysis



3.1 Effect of water and fertilizer coupling on soil moisture content

The dynamic changes of soil moisture content within the 0 ~ 100 cm depth during pumpkin growth period under different water and fertilizer coupling are illustrated in Figure 4. The temporal trend of soil moisture content within the 0 ~ 100 cm soil layer for each treatment remained generally consistent from 2022 to 2023. In terms of spatial distribution, there was an initial increase followed by a decrease in soil moisture content with increasing depth. Specifically, the soil moisture content gradually increased in the uppermost 0 ~ 50 cm soil layer, while it decreased with further depth in the lowermost 50 ~ 100 cm soil layer. Temporally, there was a decline in soil moisture content across all layers as the growth period progressed.

[image: Sixteen line graphs display soil moisture content percentages at various depths during different growth stages in 2022 and 2023 across three samples: F1, F2, F3. The panels are labeled W1, W2, and W3, representing different periods: germination, seeding, sprouting, flowering, and maturity. Dashed and solid lines distinguish data points from each year.]
Figure 4 | Effects of different water and fertilizer regulation on the water content of 0 ~ 100cm soil layer in each growth period of pumpkin. The actual line is the soil moisture content of each growth period in 2022, and the imaginary line is the soil moisture content of each growth period in 2023.

From an interannual perspective, at constant irrigation quotas, the soil moisture content at different growth stages increased with improving the application of organic fertilizer. Compared to the control group (CK), the average soil moisture content in the 100 cm soil layer increased by 4.3% ~ 12.48% for F1, 7.8% ~ 21.7% for F2, and 11.64% ~ 28.29% for F3 treatments, respectively. At the constant organic fertilizer application level, increasing irrigation amounts also resulted in higher soil moisture contents. The average soil moisture content in the 100 cm soil layer increased by 3.21% ~ 11.74%, 6.86% ~ 15.73% and 9.67% ~ 28.28% for W1, W2 and W3 treatments respectively compared with CK. These findings demonstrate that the coupling of water and fertilizer has a positive impact on the improvement of soil moisture content. Thus, applying organic fertilizer and increasing irrigation quotas are beneficial to improve soil moisture content.




3.2 Effects of water and fertilizer coupling on vine length and stem diameter of pumpkin

The effects of irrigation quotas and organic fertilizer application rates on pumpkin vine length and stem diameter were highly significant (P < 0.01), while the interaction between water and fertilizer significantly influenced both vine length and stem diameter (P < 0.05) (Figure 5). In particular, in both years, stem diameter at the F3 level was significantly greater than that at the F1 and F2 levels (P < 0.05). Compared to the control (CK), stem diameter of pumpkin in the W1F3, W2F3, and W3F3 treatments increased by 7.72%, 11.5%, and 14.3%, respectively in 2022. In 2023, these increases were 1.78%, 8.53%, and 13.77%, respectively. With the exception of the F2, vine length during the sprouting period of pumpkin in 2022, which was significantly greater than that of F3 under W2 conditions (P < 0.05), vine length at the F3 level was significantly greater than that at F1 and F2 levels under W1, W2, and W3 conditions in all growth periods of both 2022 and 2023 (P < 0.05). At maturity stage, compared to CK, pumpkin vine lengths increased by 12.49%, 22.27%, and 31.97% respectively in W1F3, W2F3, and W3F3 treatments in 2022. Similarly, increases of 8.10%, 14.18%, and 28.82% were observed in these treatments during the study year in 2023 as well. These findings indicated that adequate irrigation coupled with organic fertilizer application enhanced both stem diameter growth and vine length development in pumpkin.

[image: Bar charts display stem diameter and vine length for various treatments across 2022 and 2023. Each treatment is analyzed during different growth stages: germination, seedling, sprouting, flowering, and maturity. Color-coded bars represent the stages, with measurements in millimeters for stem diameter and centimeters for vine length. Treatments include F1, F2, F3, and CK, across water regimes W1, W2, and W3.]
Figure 5 | Effects of water and fertilizer coupling on stem diameter and vine length of pumpkin. Different lower case letters indicate significant differences between different treatments in the same growth period (P<0.05).




3.3 Effect of water and fertilizer coupling on pumpkin dry matter

The above ground dry matter accumulation of pumpkin exhibited a curvilinear pattern throughout the entire growth period (Figure 6): increases were slow in both the early and late stages, with the most rapid growth occurring in the middle stage, and the maximum dry matter accumulation of pumpkin decreased with decreasing irrigation amounts. At identical fertilization levels, the two-year average maximum dry matter accumulation for W2 and W3 treatments increased by 33.2% and 73.8% respectively compared to W1. Within each growth period under consistent irrigation quotas, dry matter accumulation followed a trend of F2 > F3 > F1 for the different fertilization treatments. Notably, the average dry matter accumulation for W3F2 in each growth period was higher than that of the CK treatment by 80.9%, 33.5%, 46.3%, 47.1%, and 71.5%, respectively.

[image: Line graphs show dry matter accumulation (kg/ha) over days after sowing for various fertilizers (F1, F2, F3) in six panels labeled 2022W1, 2022W2, 2022W3, 2023W1, 2023W2, and 2023W3. A separate panel shows accumulation rate (kg/ha·d) for CK in 2022 and 2023. Solid lines represent actual data, while dashed lines show rates.]
Figure 6 | Effects of water and fertilizer coupling on dry matter accumulation and dry matter accumulation rate of pumpkin. The solid line and the dotted line represent dry matter accumulation and dry matter accumulation rate, respectively.




3.4 Effects of water and fertilizer coupling on pumpkin yield and water-fertilizer use efficiency

Table 2 revealed that irrigation, organic fertilizer, and water-fertilizer coupling had a highly significant impact on pumpkin yield (P<0.01). As the amount of irrigation increased, there was a significant increase in pumpkin yield. At the same fertilization level, the annual average total pumpkin yield under W3 was 17.36% and 7.91% higher than that of W1 and W2, respectively; and 12.51% higher than that of CK (24689.06 kg·ha-1). Among the W1 level, the total yield of W1F3 was the highest in 2022 and 2023, reaching 24635.06 kg·ha-1 and 24885.06 kg·ha-1, respectively. These values were significantly higher than those of W1F1 by 11.82% and 15.18%, respectively; and 1.7% and 1% higher than those of W1F2, respectively. In comparison to the CK treatment, there was a significant increase in yield for W1F3 in 2022; however, no significant difference was observed between the yields of WIF3 and the CK treatment in 2023. Among the W2 level, the total yield of W2F2 was the highest in 2022 and 2023. These yields were significantly higher than those of W2F1 by 14.24% and 13.4% respectively, and significantly higher than those of W2F3 by 4.98% and 3.95%, respectively. Furthermore, in both years there exhibited a significant increase compared to the CK treatment, exceeding it by 11.91% and 8.91%, respectively. Among the W3 level, the total yield of W3F2 was the highest in 2022 and 2023, exhibiting a significant increase of 23.33% and 18% compared to W3F1, as well as an impressive improvement of 18% and 17% when compared to W3F3. Furthermore, both years were significantly higher than the CK treatment with increases of 27% and 25% respectively. Under identical irrigation conditions (W2, W3) and different fertilization levels, pumpkin yield exhibited an initial increase followed by a subsequent decrease in response to organic fertilizer application.

Table 2 | Effects of water and fertilizer coupling on pumpkin yield, irrigation water use efficiency and fertilizer partial factor productivity.


[image: Comparative data table showing agricultural yield and efficiency metrics for treatments in 2022 and 2023. Metrics include Yield (kg per hectare), IWUE (kg per cubic meter), and PFP (kg per kg). Each row represents different treatment combinations (W1F1, W1F2, etc.), with standard deviation noted. A significance analysis at the bottom details different statistical significance levels.]
The coupling of water and fertilizer in 2022 and 2023 significantly influenced irrigation water use efficiency (IWUE) of pumpkin (P < 0.01). Additionally, the coupling of water and fertilizer in 2022 had a significant impact on partial fertilizer productivity (PFP) (P < 0.01). The effects of irrigation and fertilization on IWUE and PFP were highly significant during both years. IWUE gradually decreased with increasing irrigation amount under the same organic fertilizer level. Conversely, under the same irrigation level (W2, W3), IWUE initially increased and then decreased with increasing organic fertilizer application. Notably, the impact of fertilization on IWUE surpassed that of irrigation. Under the W1F3 treatment, the IWUE of pumpkin in 2022 and 2023 which was significantly higher than that under other treatments. At a constant level of organic fertilizer application, PFP increased with increasing irrigation amount. Conversely, at a fixed irrigation level, PFP decreased with increasing organic fertilizer application. The influence of organic fertilizer application on PFP was found to be more pronounced than that of irrigation. Notably, due to the use of chemical fertilizers in the control treatment (CK), its PFP was significantly greater than that observed in the organic fertilizer treatments. In the W3F1 treatment, the PFP values for pumpkin in 2022 and 2023 were significantly higher than those of the other organic fertilizer treatments.




3.5 Effect of water and fertilizer coupling on pumpkin quality

Using average data from 2022 and 2023, along with a two-year data set as an example, regression models were constructed with irrigation quota and organic fertilizer application amount as independent variables, while pumpkin soluble sugar, vitamin C, and soluble solids served as dependent variables (Figure 7). Regression analysis showed R² values of 0.920, 0.908, and 0.902 for the models of pumpkin soluble sugar, vitamin C, and soluble solids models, respectively, indicating a good model fit. Furthermore, the models exhibited significance at p<0.05 with F-values of 48.32, 41.61, and 38.56, respectively.

[image: Three 3D surface plots labeled a, b, and c illustrate the effects of organic fertilizer application and irrigation quota on different plant characteristics. Plot a displays soluble sugar content; plot b shows vitamin C levels; plot c depicts soluble solids percentage. Each plot uses a color gradient from blue to red to represent changes. Axes represent fertilizer application in kilograms per hectare and irrigation in cubic meters per hectare. Data points are marked as red dots. Color bars on the right side indicate the scale for each plot.]
Figure 7 | The regression relationship of soluble sugar, vitamin C and soluble solids in pumpkin under water and fertilizer coupling. (A–C), respectively represent the fitted model of soluble sugar, vitamin C and soluble solids in pumpkin,  ** represent the significant difference when P is  0.01.

Irrigation, fertilization, and the coupling of water and fertilizer significantly influenced soluble sugars, vitamin C, and soluble solids (P<0.01). Under W1 conditions, the soluble sugar content increased with increasing organic fertilizer application; however, under W2 conditions, it initially increased before subsequently decreasing as organic fertilizer application rose. Vitamin C content in W2 was 20.7% ~ 24.8%, 5.5% ~ 6.5%, and 28.9% ~ 38.5% higher than those in W1, W3, and CK treatments, respectively. The highest vitamin C content was observed in the W2F2 treatment, while the lowest was found in the W1F1 treatment. Under F2 and F3 conditions, the soluble solids content showed an initial increase followed by a decrease with increasing irrigation amounts. At equivalent irrigation quota, the soluble solids content of the F2 treatment was found to be between 6.5% ~ 7.9%, 0.25% ~ 3%, and 9.4% ~ 10.7% higher than that of the F1, F3 and CK treatments, respectively.

To comprehensively assess the overall quality of pumpkin, the confidence ellipse was constructed and superimposed with 95% of the three quality indicators reaching the maximum value as the optimization condition (Figure 8). The optimal range of water and fertilizer coupling regulation to ensure the optimal quality of pumpkin was obtained: the ideal range of irrigation quota was 430-506 m3·ha-1, and the optimal range of organic fertilizer application was 5,373-6,570 kg·ha-1. In summary, the soluble sugar, vitamin C and soluble solids of the W2F2 treatment were all higher, and the pumpkin quality was the best.

[image: Contour plot showing relationships between irrigation quota (x-axis in cubic meters per hectare) and organic fertilizer application (y-axis in kilograms per hectare). Three ellipses represent soluble solids (black), soluble sugar (red), and vitamin C (blue), with a legend in the top right. Orange dashed lines indicate specific values; red and blue arrows highlight interactions.]
Figure 8 | The optimal range of pumpkin quality under the coupling of water and fertilizer. Black ellipses, red ellipses, and blue ellipses indicate 95% optimal confidence intervals for soluble solids, soluble sugar, and vitamin C, respectively. The horizontal coordinates are the range of irrigation quotas covered by the confidence intervals, and the vertical coordinates are the range of organic fertilizer application covered by the confidence intervals.




3.6 Comprehensive evaluation

Six evaluation indices across three dimensions — yield, water and fertilizer use efficiency (IWUE, PFP), and quality (soluble sugar, vitamin C, soluble solids) — were selected for the comprehensive evaluation using the TOPSIS method. The relative fitness and overall rankings of different combinations of irrigation quotas and organic fertilizer applications were presented in Table 3. In both 2022 and 2023, the W3F2 treatment achieved the highest overall ranking, followed by the W2F2 treatment. Conversely, the W1F1 treatment had the lowest ranking. Compared to the W1 treatment, both the W2 and W3 treatments demonstrated higher relative fitness and overall rankings. Additionally, the F2 treatment (excluding W1F2) exhibited superior relative fitness and overall rankings compared to the F1 and F3 treatments.

Table 3 | Relative fit and comprehensive ranking based on TOPSIS comprehensive evaluation method.


[image: Table comparing relative fitness and ranking of treatments from 2022 to 2023. Treatments W1F1 to W3F3 and CK are listed. For example, W3F2 has a relative fitness of 0.554 in 2022, ranked 1, and 0.561 in 2023, ranked 1.]




4 Discussion



4.1 Impact on soil moisture

Soil moisture was a critical component of the soil and served as a vital source for water uptake by crops (Farrell et al., 2023). The status of soil moisture reflected the ability of soil to supply water, significantly influencing crop growth and yield. Results from Wang et al. (2024) indicated that the substitution of organic fertilizer for chemical nitrogen fertilizer reduced soil bulk density and solid phase, while increasing total soil porosity and water content. Furthermore, the application of organic fertilizer was shown to mitigate drought conditions (Tripathi et al., 2014). The field experiment conducted in this study demonstrated that the application of organic fertilizer significantly increased soil moisture content within the 0 ~ 50 cm soil layer. This enhancement was attributed to the optimization of soil structure facilitated by organic fertilizers, which increased both soil porosity and organic matter, thereby substantially improving soil water retention. During the decomposition of organic fertilizers, the formation of soil aggregates was promoted, further enhancing both water retention and permeability (Bai et al., 2024). Concurrently, organic fertilizers stimulated microbial activity in the soil, which not only promoted the development and stability of soil structure, but also indirectly enhanced its water-holding capacity (Jin et al., 2023), creating favorable conditions for both soil health and crop growth.




4.2 Effects on pumpkin growth

The judicious regulation of water and fertilizer application was a critical factor in promoting crop growth. Mu et al. (2023) demonstrated that irrigation and fertilization significantly affected the growth of Panax notoginseng. This study revealed that the regulation of water and fertilizer had a significant effect on both stem length and diameter of pumpkin (p < 0.05), with adequate irrigation combined with organic fertilizer application enhancing both stem diameter and length. Excessive fertilization could lead to water deficiency. Wang et al. (2023) demonstrated that the application of organic fertilizer under deficit irrigation could enhance dry matter accumulation in maize in semi-arid regions. This study found that at the same level of fertilization, dry matter accumulation in pumpkin was greater under high irrigation quota compared to medium and low irrigation quota, aligning with the findings of Guo et al. (2022). Under specific irrigation conditions, the F2 fertilization treatment exhibited superior dry matter accumulation in all growth periods, indicating that a moderate level of fertilization optimizes pumpkin growth and promotes efficient dry matter accumulation.




4.3 Effects on pumpkin yield, water and fertilizer use efficiency

Pumpkin yield increased with higher irrigation quota, which was associated with an enhanced soil water availability. Conversely, the relationship between organic fertilizer amount applied and pumpkin yield exhibited an initial increasing trend, followed by a decreasing trend, indicating the existence of an optimal fertilization level. Exceeding this threshold may result in diminishing marginal returns. This study demonstrated that excessive fertilization could lead to reduced yields, with the W3F2 treatment producing the highest yield — 26% greater than the control (CK) treatment — suggesting that a judicious combination of water and fertilizer could effectively enhance pumpkin yield. Yan et al. (2022) demonstrated that excessive irrigation and fertilization not only led to resource wastage and environmental pollution, but also did not necessarily ensure high wheat yields due to plant overgrowth. Zhang et al. (2023a) discovered that moderate deficit irrigation can enhance crop yield, whereas excessive irrigation impairs root soil aeration and affects yield. In our study, the high irrigation quota (W3) increased pumpkin yield by 7.91% compared to the medium quota (W2), likely due to climatic differences, especially 363 mm more annual precipitation at Zhang’s site. These findings underscore the importance of tailored irrigation strategies for optimizing crop production under specific environmental conditions. In this study, IWUE and PFP, key indicators for evaluating the coupling efficiency of water and fertilizer, exhibited variations with different levels of irrigation and fertilization. Specifically, IWUE gradually decreased as irrigation amounts increased, while PFP showed an increase with higher irrigation levels, this is consistent with the findings of Zhang et al. (2023a). This indicated the need to focus on water and fertilize use efficiency, alongside yield enhancement to achieve sustainable development. Optimizing water and fertilizer management strategies, such as adjusting irrigation quotas and fertilizer applications, may enhance resource use efficiency while minimizing waste.




4.4 Effect on pumpkin quality

The pumpkin quality directly affected their flavor, taste and nutritional value, which determined their market value. Vitamin C was an important vitamin in the human diet nutrition that significantly impacted the edible value of pumpkin (Buzigi et al., 2022). It was indicated that a moderate water deficit positively affected the soluble sugar content of pumpkin (Li et al., 2022). Zhang et al. (2024) found that the application of a certain amount of organic fertilizer could significantly enhance both vitamin and soluble sugar content in pumpkin compared to the application of chemical fertilizer alone. Notably, vitamin C content was the highest in the 100% organic fertilizer treatment at 39.20 mg·100g-1. In this study, the vitamin C content was the highest in the W2F2 treatment, averaging 28.85 mg·100g-1 over two years. The soluble sugar content under the W2 level was 2.74% ~ 3.39%, higher than that under the W3 treatment. In summary, these findings indicated that the application of a certain amount of organic fertilizer and irrigation could enhance pumpkin quality under the experimental conditions, which aligned with the results reported by Youssef et al. (2021).

Although the present study explored the relationship between soil water content, pumpkin growth indicators, yield and quality in response to water-fertilizer coupling, it did not involve the quantitative analysis of the causal relationship between the indicators, and future studies can further explore the intrinsic mechanism of the indicators using regression analysis methods such as structural equation modelling.





5 Conclusions

Based on a two-year field experiment, this study elucidated the effects of water and fertilizer coupling on pumpkin growth and quality under organic fertilization conditions.

	Moderate irrigation combined with organic fertilizer application significantly enhanced soil moisture content especially at 50 cm depth, and significantly increased the dry matter accumulation of pumpkin, with the accumulation rate peaking at 60-80 days after sowing.

	When only quality indicators were considered, the W2F2 treatment performed well in increasing the soluble sugar, vitamin C, and soluble solids content of pumpkin, thereby optimizing its quality.

	The W3F2 treatment (525 m³·ha⁻¹ irrigation quota and 5,700 kg·ha⁻¹ organic fertilizer application rate) was a more suitable water-fertilizer coupling management strategy for pumpkin cultivation in the arid region of northwest China than the other treatments when evaluated comprehensively in terms of yield, quality and water and fertilizer use efficiency using the TOPSIS method.
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The water and nitrogen use efficiency of alfalfa is very low in the arid region of Northwest China currently. In this field experiments in 2022 and 2023, the effects of traditional flood irrigation (FI-12, 1200 mm; FI-8, 880 mm), sprinkler irrigation (SI-8, 880 mm; SI-5, 520 mm), and subsurface drip irrigation (DI-5, 520 mm; DI-8, 880 mm)) on alfalfa yield, water use efficiency (WUE), and nitrogen use efficiency (NUE) were studied. The results showed that the DI and SI treatments, especially DI-5, increased alfalfa seed yield by increasing the number of inflorescences and pods compared with the FI treatments. The DI and SI treatments, especially DI, reduced water loss during the first two crops in each growing season compared with the FI treatments, improving the WUE. The DI treatments had the lowest root/shoot ratio (R/S), which facilitated the distribution of photosynthetic products to the reproductive organs and inhibited the overgrowth of the root system. The small R/S in the late growth stage of the DI-5 treatment also helped to achieve high WUE. Besides, the DI treatments also had the largest root length density, which promoted the uptake and utilization of water and nitrogen by alfalfa. The DI treatments increased the nitrogen accumulation of plants, and reduced the soil nitrate (NO3−-N) leaching and NH3 volatilization at maturity stage compared with the SI and FI treatments, improving the NUE. In summary, the subsurface drip fertigation, especially DI-5, coordinated the vegetative and reproductive growth, and reduced the water loss, nitrate leaching, and NH3 volatilization, improving the seed yield, WUE, and NUE of alfalfa. This study will advance understanding of the mechanism of subsurface drip irrigation regulating alfalfa root growth and water and nitrogen use, and provide a scientific basis for the application of subsurface drip fertigation in arid and semi-arid areas.




Keywords: nitrogen use efficiency, root-shoot ratio, subsurface drip irrigation, water use efficiency, NH3 volatilization




1 Introduction

Ningxia Yellow River Irrigation Area is one of the most important livestock production bases of China and a major production area of high-quality forage, with an alfalfa planting area of 400,000 hm2 (National Bureau of Statistics of China, 2015). However, in the face of the decrease in the water volume of the Yellow River and the increase in non-agricultural water demand, the shortage of agricultural water resources has greatly limited the sustainable development of local agriculture (Pereira et al., 2007).

Alfalfa root, responsible for absorbing water and nutrients, is vital for alfalfa growth and yield (Yu et al., 2006; Sun et al., 2024). Water and nitrogen uptake and utilization have a direct effect on the vertical distribution of alfalfa roots in soil (Bucciarelli et al., 2021; Pan et al., 2023). Gherardi and Rengel (2003) reported that the root system of alfalfa was mainly distributed in the 0-75 cm soil layer, and the roots distributed in the 0-30 cm soil layer accounted for 75%-95% (Josef et al., 2017). Some studies have found that optimizing the irrigation strategy could promote the growth of plant root systems in the deep soil, thereby enhancing the ability to absorb and utilize deep soil water and improving WUE (Thomas et al., 2012; Amir et al., 2013). In addition, proper root distribution can also increase the NUE of crops, and reduce the loss of nitrogen and the negative impacts of nitrogen loss on the environment (Scott et al., 2022).

The traditional fertilization method for farmers in Northwest China to grow alfalfa is to apply nitrogen, phosphorus, and potassium fertilizers at the time of sowing, and nitrogen fertilizer through the irrigation system after the first two crops. In sandy soils with large pores and good aeration, nitrogen fertilizers are rapidly converted to nitrate nitrogen (NO3−-N) through nitrification, and easily leach into the deep soil, especially under over irrigation conditions, polluting groundwater and increasing greenhouse gas emissions (Gheysari et al., 2009; Mushtaq et al., 2015; Li et al., 2022; Scott et al., 2022). Traditional agricultural production methods are difficult to achieve precise irrigation and fertilization, which reduces the efficiency of water and fertilizer use.

Flood irrigation, characterized by large water consumption, poor uniformity, difficult water control, and large water loss by evaporation, is still used as the main irrigation method in this area. This irrigation method can easily lead to soil compaction and secondary salinization, and reduce forage yield and WUE (Mitchell and Van Genuchten, 1993; Hu et al., 2016). Subsurface drip irrigation is a kind of micro-irrigation. Subsurface drip fertigation can directly supply water and nutrients to crop roots, and significantly reduce the water loss by evaporation and fertilizer loss. Therefore, subsurface drip irrigation is conducive to increasing crop yield and reducing farm costs (Dukes and Scholberg, 2005; Du et al., 2017). Previous studies have shown that under the premise of equal yields, subsurface drip irrigation saved 50%-60% and 20%-30% of water compared with furrow irrigation and surface drip irrigation, respectively (Yang et al., 2000; Han et al., 2019). Different from sprinkler irrigation, the subsurface drip irrigation system is hidden deep in the soil so as not to affect the mechanical harvesting. Besides, there is no need to stop irrigation and fertilization before and after each mowing due to the fear of mildew, which prolongs the growth period and helps increase yield. Therefore, the large-scale application of subsurface drip irrigation is of great practical significance for the efficient utilization of water and fertilizer resources and the improvement of alfalfa yields and farmland environment in arid and semi-arid areas of China.

To explore whether the root and shoot growth of alfalfa can be adjusted through the subsurface drip irrigation, so as to achieve efficient water and nitrogen utilization and high yields, a two-year field experiment was conducted. This study hypothesized that (1) subsurface drip irrigation might directly supply water and nitrogen to the root zone, inhibit the over growth of alfalfa root and shoot, and increase seed yield, compared with the traditional flood and sprinkler irrigation. (2) Subsurface drip fertigation might ensure the water and fertilizer nutrient supply for the root zone during the key growth period of alfalfa, reduce the soil nitrate nitrogen leaching, and increase the uptake and utilization of water and nitrogen by alfalfa. The specific objectives were to clarify the effects of different irrigation methods on alfalfa yield (seed yield, dry matter yield, and harvest index), water use (water consumption, WUE, and soil moisture content (SMC)), root distribution, and nitrogen use (soil NO3−-N content, NH3 volatilization, crop nitrogen accumulation, and nitrogen use efficiency). This study will provide a scientific basis for the application of subsurface drip irrigation technology in arid and semi-arid areas, promote the efficient use of water and fertilizer resources, and alleviate the negative impacts of agricultural production on the environment.




2 Materials and methods



2.1 Experimental site

Field experiments were conducted in 2022 and 2023 in Botanical Garden No. 2 Village, Liangtian Town, Yinchuan City, Ningxia, China (106°18’E, 38°40’N) (Figure 1). The study site has a temperate continental climate with low rainfall and high evaporation. The average annual sunshine hours was 3,032 hours, the average annual frost-free period was 185 days, the average annual temperature was 8.7°C, and the average annual precipitation was 200 mm. The average annual potential evapotranspiration reached 1,694 mm. The soil type was aeolian sandy soil (91.76% of sand, 7.04% of silt, and 1.20% of clay). The pH of the surface soil (0-20 cm) was 8.62, the organic matter content was 4.67 g kg−1, the total nitrogen content was 0.31 g kg−1, the available phosphorus content was 2.44 mg kg−1, and the available potassium content was 81.42 mg kg−1. Temperature and precipitation data for both growing seasons came from a local weather station (Figure 2).

[image: Map showing an elevation gradient with altitudes colored from green (lower, 950 meters) to red (higher, 3547 meters). A red star marks an experimental site. Coordinates are from 104°E to 108°E and 36°N to 38°N.]
Figure 1 | Location of the experimental site. The maps are drawn using Arcgis software v.10.2 (http://www.esri.com/).

[image: Two line graphs showing daily average temperature, potential evapotranspiration (ET₀), and precipitation over days after re-greening in 2022 and 2023. The top graph (2022) shows fluctuating temperatures, decreasing ET₀, and sporadic precipitation. The bottom graph (2023) shows rising temperatures, similar ET₀, and few precipitation events. Temperature is plotted against days on the x-axis, and precipitation and ET₀ have separate y-axes.]
Figure 2 | Precipitation, daily average temperature, and reference evapotranspiration (ET0) during the growing seasons of alfalfa in 2022 and 2023 in the experimental site. ET0 is calculated according to the methods of Allen et al. (1998) and Yan et al. (2021).




2.2 Experimental design

Three irrigation methods, namely flood irrigation, sprinkler irrigation, and subsurface drip irrigation, and two irrigation rates for each irrigation method were designed in this experiment. There were a total of six treatments arranged in a randomized complete block design, including (1) conventional flood irrigation (FI-12, irrigation volume: 1200 mm), (2) reduced flood irrigation (FI-8, irrigation volume: 880 mm), (3) conventional sprinkler irrigation (SI-8, irrigation volume: 880 mm), (4) reduced sprinkler irrigation (SI-5, irrigation volume: 520 mm), (5) conventional subsurface drip irrigation (DI-5, irrigation volume: 520 mm), (6) over subsurface drip irrigation (DI-8, irrigation volume: 880 mm). To ensure the same seedling emergence rate between different irrigation methods, sprinkler irrigation was conducted to promote seedling emergence in all experimental plots. After emergence, the sprinkler irrigation was stopped in the plots of FI and DI treatments. In the whole growing season, in addition to the irrigation for seedling emergence, sprinkler irrigation and subsurface drip irrigation were conducted four times at the seedling stage, branching stage, budding stage, and flowering stage for each crop (two crops in the first year, and four crops in the second year). For the FI treatments, irrigation was conducted at the seedling stage and budding stage of each crop (two crops in the first year, and four crops in the second year). In the first year, alfalfa plants were harvested two times, and the irrigation volume for the first and second crop accounted for 60% and 40% of the total irrigation volume of the year, respectively. In the second year, alfalfa plants were harvested four times, and the irrigation volume for each crop accounted for 25% (Supplementary Table S1).

The design of the sprinkler irrigation hoses and the arrangement of the pores followed Wang et al. (2021). The sprinkler irrigation hoses were 30 m long, the flow rate was 6.0 m3 h−1, and the spraying angle was 80°. The subsurface drip irrigation system consisted of a pump, a filter, a fertilizer tank, and water pipes. The pipes were imported from Germany, made of waste tire rubber and plastic through special technology. The inner diameter of the pipes was 13 mm, the wall thickness was 1.5 mm, and there were many micropores on the outer surface of the pipes. The outflow rate was 60-100 mL/(m·min), and the pressure was maintained at 0.06 MPa. According to the previous research on the parameters of subsurface drip irrigation system in alfalfa cultivation (Zhang et al., 2014), the spacing of the pipes in this study was set to 90 cm and the depth was 20 cm. The area of each plot was 12.5 m2 (2.5 m × 5 m), and the plot spacing was 50 cm. There were 21 rows of alfalfa in each plot, and the row spacing was 20 cm. The spaces between the alfalfa rows were named L1-L20 from left to right. Sprinkler irrigation hoses were laid in L10 (i.e. the width of the spraying range was 1 m on each side), and the subsurface drip irrigation pipes were buried in L4, L8, L13, L 17, and L20 (Figure 3). When conducting sprinkler and flood irrigation, baffles were used to reduce the mutual influence between plots. The baffles were 60 cm high and had an arc-shaped groove below. Besides, the baffles also had wedge-shaped tips, making them easy to insert into the fields. The irrigation water infiltrated quickly due to the sandy soil texture, thus the baffles were removed five hours after each irrigation and re-arranged before the next irrigation. Plots were separated by plastic films buried vertically (depth: 60 cm) to prevent mutual influences. For the plots of the FI treatments, a certain length of mulch film was left to wrap soils to form a 30 cm high ridge.

[image: Layout diagram of a rectangular plot measuring 250 cm in height with horizontal divisions marked L1 to L20. Vertical dashed lines indicate plot spacing of 50 cm. Horizontal sections are divided into four parts, each 90 cm wide. Notations like Fd, Fm, r21, r1, and D are labeled on the diagram.]
Figure 3 | The layout of the pipes of subsurface drip irrigation in each plot. D is the location of the subsurface drip irrigation pipes; r1 - r21 are the rows of alfalfa; L1 - L20 are the spaces between alfalfa rows; Fd, fertilizer tank; Fm, flow meter.

In this experiment, Juneng 401, an alfalfa variety suitable for planting in the arid desert area of Ningxia, China was used. Alfalfa seeds were sown in the spring of 2022, with a sowing rate of 15 kg/ha−1 and a row spacing of 20 cm. The total nitrogen application rate for each year was 225 kg/ha−1, of which 90 kg/ha−1 was applied before sowing and 135 kg/ha−1 was topdressed. Besides, 150 kg/ha−1 of P2O5 and 120 kg/ha−1 of K2O were also applied before sowing. For the nitrogen topdressings for the SI and DI treatments, nitrogen fertilizer was first dissolved in water and then applied through the corresponding irrigation system, while nitrogen fertilizer was sprinkled in the FI treatments. The fertilization time was consistent with that of local fields. The specific irrigation rates and nitrogen application rates of different crops of each treatment are shown in Table 1.

Table 1 | Irrigation and nitrogen fertilization regimes.


[image: Table showing irrigation volumes and nitrogen topdressing rates for 2022 and 2023 across multiple crops. For 2022, irrigation volumes are 520 mm, 880 mm, and 1200 mm, with respective crop totals of 520, 880, and 1200. Nitrogen topdressing rate is 135. For 2023, similar values are noted per crop type, consistent with 2022 totals.]



2.3 Sampling and measurement



2.3.1 Yield components and seed yield

During the full flowering stage, 20 plants were randomly selected in each plot for labeling, and the number of inflorescences per plant (Ninflorescence) and florets per inflorescence (Nfloret) were recorded. At the end of pod-setting stage, 20 pod-bearing branches were randomly selected in each plot, and the number of pods on each inflorescence (Npod) was recorded, Pod setting rate (%) was calculated using Equation 1:

[image: Formula for pod setting rate in percentage, calculated as the average number of pods per inflorescence divided by the average number of florets per inflorescence, multiplied by 100.]	(1)

At the maturity stage in 2022 and 2023, three sampling subplots (1 m2 for each) were randomly selected in the center of each plot, and the pod-bearing branches of each subplot were counted. Then, the data was converted to the number of pod-bearing branches per square meter (Nbranch) according to the row spacing and plant spacing. Twenty representative pod-bearing inflorescences were selected from the sampled branches, and the number of seeds in each pod (Nseed) was recorded. One thousand seeds were randomly selected from each treatment and weighed on a 1/1000 balance (4 replicates per treatment), followed by the calculation of 1000-seed weight by averaging. Ten plants in each plot were manually harvested, packed into net bags separately, air-dried, threshed, and weighed. The seed yield of each plant was recorded, and then the data were converted to the seed yield per unit area.




2.3.2 Soil water consumption and water use efficiency

At the time of harvest, soil samples of the 0-20, 20-40, 40-60, 60-80, and 80-100 cm layer were collected with a soil sampler, and each-layer soil sample was divided into two parts. One part was used to measure the soil bulk density and SMC by drying method. The other part was used to measure soil nitrate nitrogen content. Soil water extraction was calculated as the difference in SMC (0-100 cm) between harvests. According to the method of Allen et al. (1998), due to the flat terrain and deep groundwater in this experimental area, groundwater recharge, surface runoff, and deep seepage were ignored to calculate the evapotranspiration over the whole growing season (ET) was calculated using Equation 2:

[image: Equation showing "ET equals P plus I minus delta AWS," labeled as equation 2.]	(2)

where P (mm) is the rainfall, I (mm) is the irrigation volume, and ΔWS (mm) is the change in soil water content from the beginning to the end of each crop.

Then, the ratio of the water consumption in each crop to the total ET (Ratio) and the ratio of hay yield to evapotranspiration (WUE) were calculated.




2.3.3 Root distribution and root-shoot ratio (R/S)

At the initial flowering stage of the last crop of alfalfa in the second year, three representative quadrats (1 m × 1 m) were randomly selected from each plot, and the shoots were weighed after mowing (stubble height: 5 cm), and weighed again after drying to obtain the shoot biomass. Hay yield was calculated on the basis of shoot biomass (Fan et al., 2016). At the harvest time in 2022 and 2023, three sampling points were randomly selected in each plot (the interval between the three sampling points was 20 cm) to collect the 0-100 cm soil layer using a soil auger (diameter: 8 cm). Then, the roots were separated from the soils (Chang et al., 2016). Each sample was placed in a net bag. After washing off the soil with tap water and removing organic debris and other impurities, the root samples were scanned by a scanner (GT-F5201; Epson, Tokyo, Japan), and the RLD was determined using WinRHIZO Pro Vision 2009c software (Regent Instruments Inc., Québec, QC, Canada) (Xu et al., 2016). Finally, the root and shoot samples were wrapped with kraft paper and dried to constant weight to obtain root and shoot biomass. The ratio of root biomass to shoot biomass was the R/S.




2.3.4 Soil nitrate nitrogen content and plant nitrogen accumulation and utilization

Soil sample was extracted with 2 mol L−1 KCl (soil: KCl solution = 1: 5), and then soil NO3–N content was measured by colorimetry using a spectrophotometer (UV-2102 PCS, Shanghai Spectrometer Co., Ltd., Shanghai, China) (Wang et al., 2015). The NO3–N content in the 0 - 100 cm soil layer was calculated as the sum of the NO3–N content in each layer of soil (Zhang et al., 2013). The total nitrogen content in the plants was determined using the Kjeldahl method (Dordas and Sioulas, 2009). Plant nitrogen accumulation and utilization were calculated using Equations 3–5 (Ruisi et al., 2016):

[image: Equation showing nitrogen accumulation (NT) as the product of dry matter (DM) and nitrogen concentration (Nc), labeled as equation (3).]	(3)

[image: NUE equals HY divided by N subscript f, equation four.]	(4)

[image: NHI equals N subscript G divided by N subscript T, labeled as equation five.]	(5)

Where DM is the shoot biomass of mature plants, Nc is the concentration of nitrogen in the plant or grain, NUE is nitrogen use efficiency, HY is hay yield, Nf is the nitrogen fertilizer application rate, NHI is the nitrogen harvest index, NG is the nitrogen accumulation in seeds, and NT is the nitrogen accumulation of the whole plant at the mature stage.




2.3.5 Ammonia volatilization

Soil NH3 volatilization was determined by aeration method (Yang et al., 2020). Three devices for measuring NH3 volatilization were placed between alfalfa rows of each treatment. The device was made of a polyvinyl chloride tube with a height of 15 cm and an inner diameter of 15 cm. Two sponges with a thickness of 3 cm and a diameter of 15 cm were pre-immersed in phosphate glycerol solution and placed in the above devices. Ammonia volatilization was measured daily in the first week after fertilization, and then measurement was taken every 3 - 7 days depending on the amount of NH3 volatilized, until NH3 volatilization was not detected. Samples collected in sponges were immediately extracted with 300 mL of potassium chloride solution (1 moL L-1) in a 500 mL container. The solution was shaken for 1 h and the concentration of NH4+-N was measured using a continuous segmented flow analyzer (AA3 HR AutoAnalyzer, SEAL Analytical Inc., Mequon, USA). Ammonia volatilization (kg N ha-1 d-1) was calculated using Equation 6:

[image: Ammonia flux formula: M divided by the product of Area and D, multiplied by ten to the power of negative two. Equation number six.]	(6)

where M (mg) is the amount of ammonia collected by a glycerin phosphate-soaked sponge, Area (m2) is the cross-sectional area of the polyvinyl chloride tube, and D is the time interval of ammonia collection.





2.4 Data analysis

All data were analyzed using the SPSS 17.0 software (SPSS Inc., Chicago, IL, USA), and the least significant difference (LSD) was conducted to compare the means of different treatments (p< 0.05). The correlations between R/S and yield components and WUE as well as between NH3 volatilization and SMC and NO3−-N content were analyzed using OriginPro 2024 software (OriginLab Corp., Northampton, MA, USA). Fitting and plotting were completed using OriginPro 2024 software (OriginLab Corp., Northampton, MA, USA).





3 Results



3.1 Seed yield and yield components

The Nfloret, Ninflorescence, Npod, and Nseed were significantly affected by the year (Y) and irrigation methods (M), and all indexes in 2023 were significantly higher than those in 2022 except for the Nseed (Figures 4A–G). The Nbranch, Nfloret, Npod, Nseed, 1000-seed weight, and pod-setting rate were significantly affected by the Y and M interaction (Y×M).

[image: Eight bar charts compare different agricultural treatments over the years 2022 and 2023. Each chart measures a specific metric: N_heads (number of heads per square meter), N_ear (number of ears per inflorescence), N_inflorescence (number of inflorescences per square meter), X_inflorescence (number of inflorescences per plant), N_plant (number of plants per square meter), 1000-seed weight, harvesting moisture percentage, and seed yield in kilograms per hectare. Treatments are color-coded, labeled as FI-8, FI-12, ST-5, SI-8, DI-5, and DI-8. Error bars and statistical markers are present.]
Figure 4 | Impacts of different irrigation methods on the alfalfa yield components and seed yield  in 2022 and 2023. (a), Nbranch, the number of podbearing branches per square meter; (b), Nfloret, florets per inflorescence; (c), Ninflorescence, the number of inflorescences per plant; (d), Npod, the number of pods on each inflorescence; (e), Nseed, the number of seeds in each pod; (f), 1000-seed weight; (g), Pod-setting rate; (h), Seed yield. FI-8, Reduced flood irrigation, 880 mm; FI-12, Conventional flood irrigation, 1200 mm; SI-5, Reduced sprinkler irrigation, 520 mm; SI-8, Conventional sprinkler irrigation, 880 mm; DI-5, Conventional subsurface drip irrigation, 880 mm; DI-8, Over subsurface drip irrigation, 880 mm. The same below. The error bar represents the standard deviation of the mean. Different lowercase letters indicate significant difference between treatments at p< 0.05.

The Ninflorescence and Npod of the SI-5, SI-8, DI-5, and DI-8 treatments were significantly higher than those of the FI-8 and FI-12 treatments. Among them, the Npod of the DI-5 treatment was the highest, increasing by 30.6% - 34.5% and 9.4% - 18.3% compared with that of the FI (FI-8 and FI-12) and SI (SI-5 and SI-8) treatments, respectively. The Npod of the DI-5 treatment significantly increased by 7.9% compared with that of the DI-8 treatment.

Sprinkler irrigation and subsurface drip irrigation treatments increased alfalfa seed yield compared with traditional flood irrigation treatments (Figure 4H). When the volume of subsurface drip irrigation was 520 mm (DI-5), the seed yield reached the maximum, which was 1.57%-13.07% higher than that of DI-8 treatment.




3.2 Soil water consumption and water use efficiency



3.2.1 Temporal and spatial variation of soil moisture content

In the two years, the SMC of the same crop was similar, that is, the SMC decreased first and then increased with the increase of soil depth (Figure 5). The SMC of the 0-80 cm layer of the FI treatments (2022 and 2023) was significantly higher than that of SI and DI treatments. However, there was no significant difference in SMC in soil layers below 80 cm between treatments. In the second crop, the SMC in the upper soil layer (0-40 cm in 2022 and 0-60 cm in 2023) of the SI and DI treatments was significantly higher than that of the FI treatments, while there was no significant difference in SMC in the deeper soil layers (below 40 cm and below 60 cm, respectively) between treatments. In the third and fourth crops in 2023, the SMC in the upper soil layers (0-40 cm) of the SI and DI treatments was higher than that of the FI treatments, while there was no difference in the SMC in the deep soil layer (80-100 cm).

[image: Graph illustrating soil water content percentages against soil depth in centimeters across eight panels, representing different months in 2022 and 2023. Each panel contains multicolored lines correlating to various treatments: FI-8, FI-12, SI-5, SI-8, DI-5, and DI-8, denoting different irrigation regimes. The months cover the first, second, third, and fourth in 2022 and 2023. The vertical axis indicates soil depth, while the horizontal axis shows soil water content, with statistical significance annotated by asterisks.]
Figure 5 | Impacts of different irrigation methods on the soil moisture content in 2022 and 2023. 1st: the first crop; 2nd: the second crop; 3rd: the third crop; 4th: the fourth crop. The red symbols *, **, and *** represent the significance of difference between subsurface drip irrigation (DI) and flood irrigation (FI) treatments at p< 0.05, p< 0.01, and p< 0.001, respectively, and the blue symbols *, **, and *** represent the significance of difference between sprinkler irrigation (SI) and FI treatments at p< 0.05, p< 0.01, and p< 0.001, respectively.




3.2.2 Seasonal evapotranspiration and water use efficiency

Year (Y) significantly affected dry matter yield, year (Y) and irrigation method (M) significantly affected dry matter yield, ET, water consumption, and WUE, and Y×M significantly affected ET and WUE (Table 2). The dry matter yield of the DI treatments was significantly higher than that of the FI treatments, but there was no significant difference between DI treatments and SI-8 treatment. The ET of the SI-5 and DI-5 treatments significantly reduced compared with that of other treatments, and the ET of the FI-12 treatment was the highest. The water consumption of the SI-5 and DI-5 treatments in the first and second crops in 2022 and 2023 significantly reduced compared with that of the FI treatments, but the Ratio of the SI-5 treatment was significantly (44.88%-47.32%) higher than that of the DI-5 treatment. The WUE of the DI-5 treatment was second to that of the SI-5 treatment. The WUE of the DI-5 treatment increased by 61.9% and 43.8% in 2022 and 61.2% and 42.5% in 2023, compared with that of the FI-12 and SI-8 treatments, respectively.

Table 2 | Effects of different irrigation methods on the total evapotranspiration (ET), water consumption in the first (1st) and second (2nd) crop, ratio of the water consumption in each crop to the ET (Ratio), and water use efficiency (WUE) in 2022 and 2023.


[image: A table presents data on dry matter yield, water consumption, and water use efficiency (WUE) for different treatments across two years, 2022 and 2023. It includes columns for treatment type, year, dry matter yield (in kilograms per hectare), total water use (T, in millimeters), water consumption for first and second crops (in millimeters) with respective ratios, and WUE (in kilograms per hectare per millimeter). The table also shows means and ANOVA results, with footnotes indicating significant differences between treatments at a 0.05 significance level.]




3.3 Root distribution and root-shoot ratio

In the two growing seasons, the RLD of each treatment decreased with the increase of soil depth. The roots of the three irrigation treatments were mainly distributed in the 0-80 cm soil layer, and the RLD in the 0-60 cm soil layer of the FI and SI treatments was significantly higher than that of the DI treatments, while the RLD in 60-100 cm soil layer of the DI treatments was significantly higher than that of the FI and SI treatments. In 2022 and 2023, 95.8%-97.3%, 95.2%-96.6%, and 89.2%-90.1% of alfalfa root system of the FI, SI, and DI treatments were distributed in the 0-80 cm soil layer, respectively. In addition, the RLD in 2023, especially in the 0-40 cm soil layer, was significantly higher than that in 2022.

The R/S of the DI treatments in the first crop (2022 and 2023) was significantly greater than that of the FI treatments. There was no significant difference in the R/S between FI, SI, and DI treatments in the second (2022 and 2023) and third (2023) crop. The R/S of the DI treatments in the fourth crop (2023) was significantly smaller than that of the FI and SI treatments. Under the same irrigation method, the R/S of the fourth crop (2023) of the FI-12 and SI-8 treatments was significantly lower than that of the FI-8 and SI-5 treatments. The R/S was negatively correlated with the Ninflorescence, Npod, seed yield, and WUE (Figures 6, 7).

[image: Two scatter plots illustrate the relationship between root-shoot ratio and plant metrics. The left plot shows inflorescence number decreasing with an equation \(y = -2394.8x^2 + 1622.9x + 257.5\), \(R^2 = 0.7148\). The right plot shows pod number decreasing with an equation \(y = -21.09x^2 - 15.178x + 27.306\), \(R^2 = 0.8359\). Data points are fitted with trend lines.]
Figure 6 | Correlation between root/shoot ratio (R/S) and number of inflorescences per plant and number of pods per inflorescence in 2022 and 2023. **p< 0.01.

[image: Two scatter plots show data on root-shoot ratio. The left plot correlates root-shoot ratio with seed yield, expressed as kilograms per hectare, with a downward curve, R² = 0.703. The right plot relates root-shoot ratio with water use efficiency (WUE), appearing less correlated with R² = 0.1905, also displaying a downward trend.]
Figure 7 | Correlation between root/shoot ratio (R/S), seed yield, and water use efficiency in 2022 and 2023. **p< 0.01.




3.4 Soil nitrogen residue and nitrogen utilization



3.4.1 Temporal and spatial variation of soil nitrate nitrogen content

The soil NO3−-N content of all treatments decreased first and then increased with the increase of soil depth (Figure 8). In the first crop in 2022, there was no significant difference in soil NO3−-N content in the 0-80 cm soil layer between treatments, the NO3−-N content in the 80-100 soil layer of the FI treatments was higher than that of the SI and DI treatments. In 2023, the NO3−-N content of the 0-40 cm soil layer of the DI treatments was significantly higher than that of the FI and SI treatments, and the NO3−-N content in the 80-100 soil layer of the DI treatments was significantly lower than that of the FI treatments. In the second crop (2022 and 2023), the NO3−-N content in the 0-60 cm soil layer of the DI treatments was significantly higher than that of the FI and SI treatments, while the NO3−-N content in soil layers below 60 cm was not significantly different among the treatments. In the third and fourth crops in 2023, the NO3−-N content in the 0-40 cm layer of the FI and SI treatments continued to decrease, while that of the DI treatments remained relatively higher than that of the FI and SI treatments. Besides, there was no difference in the NO3−-N content in the 80-100 cm layer between the third crop (2023) and the fourth crop (2023).

[image: Charts showing soil nitrate-nitrogen content (mg/kg) at various depths (cm) for different treatments. Panels cover four time periods in 2022 and 2023. Treatments include FI-8, FI-12, SI-5, SI-8, DI-5, and DI-8. Each panel shows multiple colored lines representing different treatments, with statistical significance indicated by asterisks (*, **, ***).]
Figure 8 | Effects of different irrigation methods on the soil nitrate nitrogen content in 2022 and 2023. 1st: first crop; 2nd: second crop; 3rd: third crop; 4th: fourth crop. The red symbols *, **, and *** represent the significance of difference between subsurface drip irrigation (DI) and flood irrigation (FI) treatments at p< 0.05, p< 0.01, and p< 0.001, respectively, and the blue symbols *, **, and *** represent the significance of difference between sprinkler irrigation (SI) and FI treatments at p< 0.05, p< 0.01, and p< 0.001, respectively.




3.4.2 Plant nitrogen accumulation and utilization

Year (Y) had a significant effect on the total nitrogen accumulation (TNA), NUE, and NHI (Table 3), and N and Y×M had a significant effect on the TNA, soil NO3−-N accumulation (SNA), NUE, and NHI. The TNA of the DI treatments significantly increased significantly compared with that of the FI treatments. There was no significant difference in SNA between treatments. The NUE of the DI-5 treatment significantly increased by 15.3% in 2022 and 13.2% in 2023 compared with that of the FI-12 treatment. In 2022, the NHI of the DI treatments was significantly lower than that of the SI treatments. However, in 2023, there was no significant difference in NHI between DI and SI treatments.

Table 3 | Effects of different irrigation methods on the total nitrogen accumulation (TNA, kg ha−1), soil NO3−-N accumulation (SNA, kg ha−1), nitrogen use efficiency (NUE, kg kg−1), and nitrogen harvest index (NHI) in 2022 and 2023.


[image: Table displaying data on five treatments across two years, 2022 and 2023, showing values for TNA, SNA, NUE, and NHI. Means are provided for each treatment. ANOVA results at the bottom indicate significance levels with symbols: *** for p < 0.001, ** for p < 0.01, * for p < 0.05, and NS for p > 0.05. Different lowercase letters in the data denote significant differences between treatments.]




3.5 Ammonia volatilization

In 2022 and 2023, the NH3 volatilization of all treatments increased with the increase of nitrogen application rate (Figure 9). Ammonia volatilization showed an obvious peak after fertilization, and then decreased to a low level within 7 days. The highest NH3 volatilization of the three irrigation treatments appeared on the first day after fertilization. For the NH3 volatilization in the whole growing season (2022 and 2023), the NH3 volatilization of the DI treatments significantly reduced compared with that of the FI treatments. The NH3 volatilization of the DI-5 treatment decreased by 45.1% and 33.6% in 2022 and 48.5% and 35% in 2023 compared with that of the FI-12 and SI-8 treatments, respectively. There was no significant difference in NH3 volatilization between DI-5 and DI-8 treatments.

[image: Graphs showing ammonia volatilization over days after leaves turn green for 2022 and 2023. Peaks occur after fertilization and topdressing events. Different lines represent various treatments including FI-8, FI-12, SI-5, SI-8, DI-5, and DI-8. Both graphs indicate similar patterns of ammonia release.]
Figure 9 | Effects of different irrigation methods on NH3 volatilization during alfalfa growing season in 2022 and 2023.





4 Discussion

Alfalfa seed yield is mainly determined by the Nbranch, the number of inflorescences per plant, Nfloret, Nseed, and 1000-seed weight. A large number of studies have been conducted on the correlation between seed yield and its components. For example, Wang et al. (2006) showed that inflorescence number contributed the most to seed yield, followed by pod number. However, these yield components are susceptible to external environment and irrigation regimes (Wang et al., 2013). This study results showed that the inflorescence number per plant and Npod were significantly affected by interannual variations and irrigation methods (Table 2). The number of inflorescences per plant and Npod in 2023 was significantly higher than that in 2022, and the number of inflorescences and pods of the SI and DI treatments were higher than those of the FI treatments. Therefore, the seed yield of the SI and DI treatments was 29.7% - 32.6% higher than that of the FI treatments, and the seed yield of the DI-5 treatment with the minimum irrigation volume was the highest.

Many studies have shown that the WUE of crops can be improved by reducing ET or increasing yields (Igbadun et al., 2007; Gao et al., 2017). This study found that the ET of the SI-5 and DI-5 treatments significantly reduced and the alfalfa dry matter yield significantly increased, compared with those of other treatments (Table 4). Therefore, the WUE of the first two crops in 2022 and 2023 of the SI-5 and DI-5 treatments significantly increased by 68.1% and 61.5%, respectively, compared with that of the FI-12 treatment. In addition, during the first crop of two years, flood irrigation (FI-8, FI-12) could quickly provide sufficient water for the sandy soil with a low moisture content. As a result, the SMC in the 0-80 cm layer of the FI treatments was significantly higher than that of the SI and DI treatments. However, during the second crop in 2022 and the second, third, fourth crop in 2023, the SMC in the 0-40 cm layer of the SI and DI treatments was significantly higher than that of the FI treatments (Figure 5). This is due to the fact that sprinkler irrigation and subsurface drip irrigation use an irrigation strategy of small irrigation volume × multiple irrigation times, which can reduce the evaporation of soil surface water and facilitate water storage in the soil (Valentín et al., 2020). This indicates that sprinkler irrigation and subsurface drip irrigation could maintain a high moisture content of the root zone, and promote the utilization of deep soil water by roots, which is conducive to improving WUE, especially the subsurface drip irrigation. Therefore, in the soil environment with limited nutrients (i.e., sandy soil), subsurface drip irrigation inhibits root over growth by transferring the photosynthetic products originally allocated to the root system to the shoot. Therefore, subsurface drip irrigation is an efficient water-saving irrigation method.

Table 4 | Effect of different irrigation methods on root/shoot ratio of alfalfa in 2022 and 2023.


[image: Table comparing crop yields from different treatments over 2022 and 2023. Treatments FI-8, FI-12, SI-5, SI-8, DI-5, and DI-8 are evaluated across multiple cropping periods. Values differ significantly if letters differ, with significance at p < 0.05.]
Crop roots use soil moisture for growth, and soil moisture distribution has a great impact on root growth and distribution (Benjamin and Nielsen, 2006). In this study, alfalfa roots of all treatments were mainly distributed in the 0-80 cm soil layer. The RLD in the 0-60 cm soil layer of the FI and SI treatments was significantly higher than that of the DI treatments, but the RLD in the 60-100 cm soil layer of the DI treatments was significantly higher than that of the FI and SI treatments (Figure 10). This may be due to the fact that in the aeolian sandy soil environment in arid areas, the surface soil contains abundant water after flood irrigation and sprinkler irrigation, which stimulates the compensatory physiological response of the root system, that is, a large number of roots grow in the surface soil (Xu et al., 2010; Steinemann et al., 2015). The water and nitrogen availability in the 0-60 cm soil layer of the FI and SI treatments was higher than that of the DI treatments. However, the subsurface drip irrigation system supplies water for the alfalfa root zone, promotes alfalfa root growth in the deep soil (60-80 cm layer), thus increasing water utilization. It should be noted that there was a large change in RLD over the two years. In 2023, the second year of planting, the soil moisture and nutrient contents increased compared with those of 2022, and the number of pod-bearing branches and Npod in alfalfa also increased (Table 2), leading to a significantly higher RLD (Figure 10).

[image: Bar chart showing root length density in millimeters per cubic centimeter for different treatments in 2022 and 2023. Each bar is divided into sections representing soil depths of 0-20 cm, 20-40 cm, 40-60 cm, 60-80 cm, and 80-100 cm. The density is higher in 2023 compared to 2022 across all treatments. Letters above bars indicate statistical significance at different levels.]
Figure 10 | Root length density of the 0-100 cm soil layer at the maturity stage of alfalfa under different irrigation methods in 2022 and 2023. The error bar represents the standard deviation of the mean. Same letters indicate no significant difference.

The root and shoot of plants are a unified whole (Teixeira et al., 2008), and the R/S reflects the coordination of root and shoot growth (Luo et al., 2019). This study results showed that the R/S was negatively correlated with the Ninflorescence, Npod, and seed yield (Figures 6, 7). This indicates that an increase of R/S could inhibit the growth and podding of the aboveground reproductive organs. However, in the late growth stage (fourth crop in 2023), due to the weakening of the ability of roots to absorb water and nutrients, the irrigation water loss of the DI treatments was higher than that of the FI and SI treatments, resulting in a decrease in the R/S (Table 3). In the late growth stage of alfalfa (the second crop in 2022 and the fourth crop in 2023), the R/S of the DI treatments was smallest. This reduces the distribution of assimilates to the root system, and inhibits its over growth, thus coordinating the vegetative growth and reproductive growth in the late growth stage, and increasing the Ninflorescence, Npod, and seed yield. In addition, the delayed maturation of alfalfa under over subsurface drip irrigation (Karamanos et al., 2009) led to dysregulation of vegetative and reproductive growth, significantly reducing the Npod and seed yield (Table 2). The relationship between shoot and root not only determines the yield of crops, but also greatly affects the WUE of crops. This study found that the WUE decreased significantly with the increase of R/S (Figure 7). The R/S of the fourth crop of the DI-5 treatment was the lowest (Table 3), while a largest WUE was obtained at this time.

Soil nitrate nitrogen provides nitrogen nutrients for crops (Hawkesford et al., 2011), and its content is affected by fertilization and irrigation (Millar et al., 2018). In this study, the NO3−-N content of the FI treatments was significantly highest than that of the SI and DI treatments in the two years (Figure 8). Subsurface drip irrigation could reduce the NO3−-N leaching to the deep soil and ensure the nitrogen supply in the upper soil, increasing the uptake and utilization of soil nitrogen. This finally increased the NUE by 19.9%-27.2% and 11.6%-13.3% compared with flood irrigation and sprinkler irrigation, respectively (Table 3). Besides, under subsurface drip irrigation, water and nitrogen fertilizer were mainly supplied to the root zone (Figures 5, 8). This promotes the root growth to the deep soil layers and the uptake of deep soil water and nitrogen, reducing the accumulation of NO3−-N in deep soil (Figure 8).

Canopy microenvironment has an important impact on crop yields, and subsurface drip irrigation can improve the canopy microenvironment and increase crop yields (Bhattarai et al., 2004; Valentín et al., 2020). In this study, the dry matter yield of the DI treatments was significantly higher than that of the FI treatments (Table 4). In addition, the TNA and NUE of plants of the DI treatments were higher than those of the FI and SI treatments (Table 3). This may be due to the fact that the timely water supply and uniform spatial and temporal distribution of water and fertilizers achieved by subsurface drip irrigation can promote seed nitrogen accumulation, increase NHI, delay leaf senescence, and improve the dry matter production capacity of leaves at maturity stage.

The NH3 volatilization accounts for at least 25% of the total nitrogen application rate (Pan et al., 2016; Xu et al., 2018) and is an important cause of low NUE (Beusen et al., 2008). In particular, a large NH3 volatilization not only waste resources, but also has adverse effects on the environment, causing soil acidification, water eutrophication, and increased atmospheric aerosols (PM2.5) (Liu et al., 2017). In this study, NH3 volatilization significantly increased after nitrogen application, but the effect of irrigation volume on NH3 volatilization was not significant, which was further confirmed by correlation analysis results, i.e., there was no correlation between NH3 volatilization and SMC (Supplementary Figure S1). In addition, NH3 volatilization was negatively correlated with soil NO3−-N content (Supplementary Figure S1). This may be due to the fact that the soil NO3−-N can be converted from ammonia nitrogen by nitrification. The accumulation of NO3−-N in soil can reduce the concentration of ammonia, which may reduce the NH3 volatilization. However, soil NO3−-N may also be converted to nitrogen (N2) or nitrous oxide (N2O) through denitrification (Li et al., 2013). This study also found that the NH3 volatilization of the DI treatments was significantly lower than that of the FI treatments. This is mainly due to that the integration of irrigation and fertilization of the subsurface drip fertigation is conducive to the conversion of urea by hydrolysis and the migration of urea to the root zone of crops, which promotes the uptake and utilization of nitrogen, thereby reducing the loss of nitrogen to a certain extent (Kulvir et al., 2022; Ana et al., 2024).




5 Conclusion

	Appropriate subsurface drip irrigation (520 mm) can increase alfalfa seed yield by increasing the number of inflorescences and pods per plant compared with flood irrigation (conventional and reduced flood irrigation) and sprinkler irrigation (conventional and reduced sprinkler irrigation). The soil moisture content and root length density in the 60-100 soil layers below 60 cm of subsurface drip irrigation (conventional and excessive subsurface drip irrigation) were also higher, which promoted the utilization of water in deeper soil by roots and improved water use efficiency.

	In the late growth stage (the fourth crop in 2023), the irrigation water loss under subsurface drip irrigation increased, and the root-shoot ratio decreased compared with that of flood irrigation and sprinkler irrigation. The small root-shoot ratio inhibited the over growth of the root system and promoted the distribution of photosynthetic products to the reproductive organs, thereby significantly increasing the inflorescence number per plant and pod number per inflorescence. It should be noted that over subsurface drip irrigation led to over growth of alfalfa shoots in the late growth stage, which reduced the number of pods and made the seed yield lower than that of conventional subsurface drip irrigation. Compared with flood irrigation and sprinkler irrigation, subsurface drip irrigation achieved higher water use efficiency and smaller root-shoot ratio in the late growth stage.

	Subsurface drip irrigation reduced the leaching of NO3−-N to deeper soil and NH3 volatilization, and increased nitrogen use efficiency by 19.9%-27.2% and 11.6%-13.3% compared with flood irrigation and sprinkler irrigation, respectively.



In summary, subsurface drip irrigation is an efficient and environmentally friendly irrigation method. It could directly supply water and nitrogen to alfalfa roots, which is conducive to improving the seed yield, water and nitrogen use efficiency of alfalfa in the arid region of Northwest China, and reducing the NO3−-N leaching into the deeper soil. Therefore, subsurface drip irrigation with an irrigation volume of 520 mm can be widely applied in alfalfa planting in northwest China.
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Introduction

Polyethylene mulch film (PE) is a key agricultural practice for enhancing crop production and income in water-scarce regions. However, the complete recycling of PE remains challenging, resulting in the persistence of residual film fragments in the soil, which compromises soil structure and negatively impacts crop growth and yield potential. Although biodegradable mulch film (BEMF) is considered a promising alternative, the underlying mechanisms governing its regulation of soil water and thermal dynamics, as well as its subsequent impacts on crop productivity, are yet to be fully elucidated.





Methods

Therefore, a comprehensive understanding of how BEMF influences soil water dynamics, thermal regimes, and crop growth and development is crucial for assessing its ecological adaptability. In this study field plot experiments were carried out over three consecutive growing seasons (2021 - 2023) under three irrigation quotas: W1 (63.6% crop evapotranspiration [ETc], 315 mm), W2 (81.8% ETc, 405 mm), and W3 (100% ETc, 495 mm).





Results

This study systematically evaluated the impacts of PE and biodegradable mulch films (BEMF: B1 and B2) on soil hydrothermal dynamics, cotton photosynthetic productivity, and water use efficiency under varying irrigation quotas. Furthermore, the economic and ecological benefits of cotton fields under these treatments were analyzed. The findings revealed that PE left residual film fragments of 12.95 kg·ha-1 in the soil after mechanical recovery, while BEMF exhibited no such residue accumulation. However, BEMF reduced soil effective temperature by 100 - 111°C and soil water content (SWC) by 2.82 - 9.42% compared to PE. These adverse effects under BEMF significantly impaired cotton net photosynthetic rate (Pn) and photosynthetic product accumulation. Specifically, BEMF decreased cotton net Pn by 8.42 - 18.09%, photosynthetic product accumulation by 10.74 - 26.41%, and yield by 651 - 1079 kg·ha-1 relative to PE, particularly under the W1 irrigation level. Increasing the irrigation quota mitigated soil water and heat deficits, enhanced cotton net Pn and photosynthetic productivity, boosted yield by 1.76 - 31.72%, and increased economic income by 552 - 12,423 CNY·ha-1.





Discussion

In summary, this study provides a new ecological regional adaptation scheme for BEFM, highlighting that under conventional conditions, BEFM cannot fully substitute the yield advantages of PEFM. Nevertheless, the application of an additional 90 mm of irrigation water effectively mitigates the yield and economic losses associated with BEMF while eliminating the risk of residual film fragment accumulation in the soil. These findings offer valuable insights for advancing the green and sustainable management of agricultural ecosystems.





Keywords: biodegradable mulch film, irrigation quota, accumulative soil temperature, soil water content, cotton yield





Highlights

	1. Biodegradable mulch film reduces soil temperature and water content, decreasing cotton yield compared to polyethylene mulch film.

	2. Increasing irrigation quota compensates for water and heat loss, promoting cotton growth and yield under biodegradable mulch film.

	3. Based on comprehensive consideration of the economic and ecological benefits of cotton fields, an additional 90 mm of irrigation water can offset the loss of cotton yield and economic benefits of biodegradable mulch film while preventing mulch film fragments from remaining in the soil.






1 Introduction

Mulching causes warming and moisture preservation and improves crop yield and water use efficiency by inhibiting long-wave surface radiation and blocking the transfer of water vapor between the soil surface and the atmosphere (Gu et al., 2016; Sun et al., 2020; Wang et al., 2015; Zhao et al., 2023). As such, its use is a key means of promoting agricultural production and increasing income in areas with water shortages (Liu et al., 2022) For example, in the oasis cotton region of Xinjiang, the application of plastic film mulching technology increased cotton yield by 36.7% (Yan et al., 2010). However, due to a lack of awareness, plastic film is not effectively recovered after use, leading to the continuous accumulation of a large amount of plastic film fragments in agricultural soil, which has caused irreparable negative impacts on the soil’s physicochemical properties and crop yields (He et al., 2018; Yang L. et al., 2023; Yang X. et al., 2023). Zhang et al. (2020)found through a global meta-analysis that for every additional 100 kg·ha-1 of plastic film residue, the soil water infiltration rate decreases by 8%, nutrient content declines by 0.8% - 5%, root weight of crops decreases by 5%, and yields reduce by 3%. Over time, the yield-reducing effects of plastic film residue will outweigh the yield-increasing effects of plastic film coverage (Gu et al., 2024). Therefore, effective alternative methods should be implemented immediately to suppress further increases in plastic film residue while ensuring the benefits of plastic film coverage, in order to maintain the sustainable development of agriculture.

Biodegradable mulch film (BEMF) is directly degraded into CO2 and H2O in the middle and late stages of crop growth (Serrano-Ruiz et al., 2021; Sintim et al., 2019). It can play a similar role in warming and moisture preservation as PE (Tofanelli and Wortman, 2020; Wang et al., 2019) and can avoid irreversible residual film accumulation pollution (Huang et al., 2023). Therefore, it is considered a substitute for PE and has been verified as such in many crops. However, the stability of the BEMF degradation cycle is affected by material and meteorological factors, often leading to fluctuations in production and efficiency that, to some extent, affect the prospects for the application of this technology. In Spain and Portugal, studies by Moreno and Moreno (2008) and Costa et al. (2014) indicate that Biodegradable Enhanced Mulch Film (BEMF) possesses all the functions of Plastic Enhanced Mulch Film (PE) and does not reduce the yield and quality of tomatoes and strawberries after degradation. Research by Adamczewska-Sowińska and Turczuk (2018) and Cozzolino et al. (2023) in Poland and Italy shows that BEMF may degrade and break down in the later stages of crop growth, resulting in losses of moisture and temperature, yet it does not have a negative impact on the yield of crops such as tomatoes and melons. In southern China (Yang C. et al., 2023), BEMF with an appropriate degradation rate can prevent declines in the yield and quality of potatoes caused by excessive moisture accumulation and high temperatures. However, Graf et al. (2024) indicates that under the temperate climate conditions in the UK, the current BEMF cannot replace PE to enhance corn yields. In the northwestern regions of China, crops such as cotton (Wang et al., 2019), maize (Meng et al., 2022), and processing tomatoes (Jia et al., 2020) experience yield performance that is inferior to PE due to moisture and temperature losses caused by the degradation and breakdown of BEMF. Therefore, finding a method to prevent yield loss under BEMF coverage is essential for its continued promotion and application.

Changes in soil moisture and temperature also result in crop yield differences under BEMF. Gu et al. (2017) and Tofanelli and Wortman (2020) found that after BEMF degraded, its performance in maintaining soil temperature and water storage significantly decreased compared to PE but had a slightly lower soil temperature, which did not significantly affect crop growth or yield formation. However, Meng et al. (2022); Liu et al. (2022), and Jia et al. (2020) found that the yield of crops, such as corn, cotton, and processed tomatoes, significantly decreased due to soil water loss and thermal factors caused by BEMF.

So far, PE has greatly facilitated the development of modern agriculture (Liu et al., 2022), especially in arid and semi-arid regions, which account for approximately 45% of the Earth’s land area (Volkman et al., 2010). In these areas, the biggest challenge faced by biodegradable film applications compared to PE is their relatively poor warming and moisture retention effects, which may fail to meet the normal requirements of crops and could impact yield formation and the benefits to growers. Therefore, we hypothesize that appropriately adjusting irrigation quotas can offset the losses of moisture and temperature under biodegradable film coverage, thus increasing crop yield without reducing the benefits to growers, while avoiding the increase of plastic film fragments in the farmland. To validate this hypothesis, we conducted a three-year field experiment using cotton as the test crop in the typical arid and semi-arid region of the Xinjiang Oasis. The objectives of the study are: (1) To investigate whether increasing irrigation quotas will have a positive effect on cotton yield under BEMF coverage; (2) To analyze the changes in soil temperature and moisture content under different irrigation quotas with BEMF coverage; (3) To elucidate the impact of changes in soil temperature and moisture content on the photosynthetic production process and yield of cotton; (4) To clarify the mechanisms of yield variation in cotton under different irrigation quotas.




2 Materials and methods



2.1 Overview of the test area

The cotton variety used in this study, J206-5, was approved by the China Crop Variety Approval Committee in 2016 and is suitable for spring planting in the early to mid-maturity cotton regions of the northwest inland area. The experiment was carried out from 2021 to 2023 in Shaya County (41°17’ N, 82°42’ E, 897 m above sea level), Xinjiang, Northwest China (Figure 1). The region is characterized by a warm temperate continental arid climate, with an average annual precipitation of 47.3 mm, evaporation of 2000.7 mm, sunshine duration of 3031.2 h, mean annual temperature of 10.7°C, maximum temperature of 30.9°C, minimum temperature of -13.7°C, and a frost-free period of 214 days. The daily mean temperature, precipitation, and potential evapotranspiration at the study site are depicted in Figure 2. Agricultural production in this region is entirely dependent on irrigation.

[image: Map and image collage depicting a study site in Xinjiang, China. Panel (a) highlights Xinjiang in purple within China. Panel (b) zooms into the Xinjiang region, with a blue area indicating a specific location. Panel (c) shows an aerial view of a green field labeled as the study site, featuring parallel lines indicative of crop or irrigation arrangement.]
Figure 1 | Xinjiang, located in Northwest China (a), is characterized by a desert climate. The study site belongs to an oasis agroecosystem in South Xinjiang. (b, c) Experiments were conducted in a cotton-planting field (41°17′ N, 82°42′E) near Shaya County.

[image: Three graphs labeled (a), (b), and (c) display weather data over time. Each graph shows daily average air temperature in degrees Celsius, daily precipitation in millimeters, and daily potential evapotranspiration in millimeters over a period of days after sowing. The x-axis represents days after sowing, while the y-axes indicate temperature, precipitation, and evapotranspiration. The temperature is shown with a line, precipitation with bars at the top, and evapotranspiration with dots.]
Figure 2 | Monthly daily average air temperature, daily precipitation, and daily potential evapotranspiration at the study site from April to November in 2021–2023 (a–c).

The experimental site featured sandy loam, with an average organic matter content of 9.8 g·kg-1, total nitrogen of 0.6 g·kg-1, alkali-hydrolyzed nitrogen of 39.5 mg·kg-1, available phosphorus of 18.1 mg⋅kg-1, available potassium of 111.9 mg·kg-1, and bulk density of 1.5 g·cm-3 in the topsoil. The soil pH was 8.3. The groundwater level at the experimental site was below 5 m, preventing any upward replenishment to the crop root zone.




2.2 Experimental design

A split-plot experimental design was adopted. The main plots were covered with film mulching, including one polyethylene mulch film (PE) and two biodegradable films (BEMFs: B1 and B2). The BEMFs, selected based on extensive experimental research, exhibit a stable degradation cycle and complete degradation within 100 days. The PE film is a conventional product widely used in the region. Detailed specifications of the films are provided in Table 1. Crop evapotranspiration (ETc) was calculated using the Penman-Monteith method recommended by the Food and Agriculture Organization (FAO). Three irrigation levels were established based on ETc: 63.6% ETc (W1, 315 mm), 81.8% ETc (W2, 405 mm), and 100% ETc (W3, 495 mm). Among these, W2 represents the conventional irrigation practice in the region. The experiment comprised nine treatments, each treatment was replicated three times. Each plot measured 9.5 m in length and 6.9 m in width, with a total area of 65.55 m². The planting configuration consisted of one film, three drip tubes, and six rows (Figure 3). The average plant spacing was 10.5 cm, and the row spacing was 38 cm, resulting in a theoretical planting density of 265,000 plants·ha-1. To minimize edge effects, the outer rows of each plot were designated as buffer zones, while the central row was used for data collection. The drip irrigation system featured emitters spaced at 25 cm intervals along the drip lines, which were spaced 76 cm apart. The emitter flow rate was 2.1 L·h-1. Water meters and control valves were installed for precise irrigation management. The water source was surface water storage in a reservoir. Irrigation schedules and volumes are detailed in Table 2. Field management practices followed standard local protocols.

Table 1 | Mulching film data.


[image: A table comparing three types of mulching film: traditional polyethylene mulch, fully biodegradable mulch, and thermo-oxygen-biodegradable mulch. All have a width of two point zero five meters, thickness of zero point zero one millimeters, and are transparent. Induction period is "No" for traditional and one hundred days for the other two types. Raw materials include polythene, PBS and PBAT, and polythene with biodegradation additives. PBS is polybutylene succinate; PBA is poly(butylene adipate)/terephthalate.]
[image: Diagram showing the setup for measuring soil moisture content and evaporation in a field of cotton plants. It includes measurements for plant and equipment spacing, and tools such as a CIRAS-2 portable photosynthesis system and TRIME-PICO TDR moisture system. A collection of cotton plant samples is displayed.]
Figure 3 | Cotton planting patterns and sampling and measuring sites.

Table 2 | Cotton growth process and irrigation time in the experimental area from 2021 – 2023.


[image: Table detailing growth stages, irrigation dates from 2021 to 2023, and irrigation quotas for W1, W2, and W3. Stages include sowing, budding, flowering, bolling, and boll opening. Irrigation quotas for W1, W2, and W3 are 31.5, 40.5, and 49.5 millimeters respectively, with total quotas of 315, 405, and 495 millimeters.]



2.3 Measurement items and methods



2.3.1 Soil temperature

Soil temperature was measured using an Onset HOBO Pro v2 (Onset Computer Corporation, USA) automatic data logger. The sensor was placed at the center of the second row under the film in each plot, with the soil layer at a depth of 10 cm. Installation was completed within 24 h of cotton sowing, and the sensor recorded data automatically each hour.




2.3.2 Soil moisture

Soil volumetric water content in the 0 - 80 cm soil layer of each plot was measured using the TRIME-PICO-IPH TDR (IMKO GmbH, Germany) throughout the cotton growing season. Measurements were taken at two points per plot: one in the wide row and one in the narrow row. The point in the wide row was located at the center of the second film, while the point in the narrow row was positioned directly below the drip emitter, corresponding to the wide row. Soil moisture was measured at 10 cm intervals with three repetitions per layer. Measurements were taken weekly, with additional measurements performed after irrigation and rainfall.




2.3.3 Growth parameters

For each treatment, five consecutive representative plants were selected and marked at designated sampling points. On clear, sunny days between 12:00 and 16:00 Beijing time, during key cotton growth stages, the net photosynthetic rate (Pn) of functional leaves on the main stem (the fourth leaf from the top before topping and the third leaf from the top after topping) was measured using a portable photosynthesis system (CIRAS-2, Hansatech Company, King’s Lynn, UK) under natural light intensity (1600 μmol·m2·s-1).

A representative area with uniform growth was selected in the experimental field, and sampling plots were established. During the seedling, budding, full flowering, full boll, and boll opening stages, six representative cotton plants with uniform growth were chosen - three from the side row and three from the middle row. The plants were divided into leaves, stems, buds, bolls, flowers, and roots, then fixed at 105°C for 30 minutes and dried at 80°C until they reached a constant weight. After weighing the dry mass, the average value and distribution rate were calculated.




2.3.4 Yield

Yield was measured when more than 80% of the cotton bolls had opened. To minimize errors, three uniformly growing and representative sample points were randomly selected in each replicate, with each sample point covering an area of 2.28 × 2.93 m (Shi et al., 2023). The number of plants and bolls was recorded, and the number of bolls per plant was calculated. Thirty cotton plants were randomly selected from each plots, and 30 bolls were collected from the upper, middle, and lower parts of these plants. After drying the bolls to a constant weight, the single boll weight and seed cotton yield were determined. Following ginning, the lint yield and lint percentage were measured.

The formula for calculating seed cotton yield (Shi et al., 2023):

Seed cotton yield = number of bolls per unit area [image: A black and white image of a man in a suit sitting on a motorcycle on a road lined with trees and a building in the background.]  single boll weight.




2.3.5 Statistical analysis

Data analysis was performed using SPSS v.22.0 (SPSS Inc., Chicago, IL, USA). Significant differences among treatments were determined using the least significant difference (LSD) test at a significant differences level of P [image: Less than or equal to symbol.]  0.05. Graphical representations of the results were generated using Origin Pro 2018 software (Origin Lab Corporation, Northampton, MA, USA).






3 Results



3.1 Seed cotton yield and yield gap.

Table 3 presents the effects of PE and BEMF mulching on boll number per unit area, single boll weight, and seed cotton yield under different irrigation quotas. Compared to the highest seed cotton yield achieved under PE mulching, the yield under B1 and B2 mulching decreased by 17.35% and 17.02%, respectively, under the W1 irrigation quota, and by 7.51% and 7.52%, respectively, under the W2 irrigation quota (3-year average). In contrast, under W3 irrigation quota, the seed cotton yields under B1 and B2 mulching exceeded those under PE mulching by 16 kg·ha-1 and 82 kg·ha-1 in 2022, and by 28 kg·ha-1 and 12 kg·ha-1 in 2023, respectively. However, a continuous increase in the irrigation quota was not conducive to cotton yield formation of under PE mulching. Specifically, when PE mulching was applied, the boll number per unit area under the W3 irrigation quota was 1 boll·m-2 lower in 2021, and 8 bolls·m-2 lower in 2023, compared to that under the W2 irrigation quota.

Table 3 | Cotton yield components under different irrigation quotas for biodegradable and traditional PE mulch.


[image: Table comparing cotton yield data from 2021 to 2023 under different treatments: PE, B1, and B2. It displays metrics: boll number, single boll weight, seed cotton yield, and yield gap. Variance sources include year, irrigation, and mulch, showing significance at different levels.]



3.2 Soil temperature

Figure 4 and Table 4 illustrate the effects of PE, B1, and B2 mulching on the accumulation of under different irrigation quotas. The thermal insulation effect of B1 and B2 mulching was weaker than that of PE mulching, particularly during the early growth stages of cotton. In the early growth stage, the soil effective temperature accumulation under B1 and B2 mulching was 40.46 - 84.74°C lower than that under PE mulching. However, this difference gradually narrowed to 7.05 - 25.90°C during the middle and late growth stages. Increasing the irrigation quota improved soil temperature under plastic film mulching. Under B1 mulching, the soil effective temperature accumulation under the W3 irrigation quota was 15.52°C and 34.33°C higher than that under W2 and W1, respectively (3-year average).

[image: Stacked bar chart showing effective accumulated soil temperature in degrees Celsius from 2021 to 2023. Bars are divided into sections labeled EGS, MGS, and LGS. Treatments are PE, B1, and B2 across three years labeled W1, W2, and W3. Different letters a, b, c indicate significant differences.]
Figure 4 | The accumulated amount of soil effective accumulated temperature at different growth stages of cotton under different mulching methods and irrigation quotas. W1 irrigation quota: 63.6% crop evapotranspiration (ETc) (315 mm); W2 irrigation quota: 81.8% ETc (405 mm); W3 irrigation quota: 100% ETc (495 mm); PE, polyethylene film; B1 and B2, biodegradable mulch film; EGS, Early growth stage; MGS, Middle growth stage; LGS, Late growth stage. Different letters within a column and experimental year represent significant differences at P [image: Less than or equal to symbol.]  0.05.

Table 4 | Effective soil temperature accumulation under different irrigation quotas for biodegradable and traditional PE mulch.


[image: A table showing soil effective temperature accumulation in degrees Celsius from 2021 to 2023, with columns for treatment types (PE, B1, B2) and growth stages (WGS, EGS, MGS, LGS). Variance sources include year, irrigation quota, and mulch, with indicators of significance levels. The bottom notes define terms and statistical significance.]



3.3 Soil water content

Figure 5 and Table 5 illustrates the changes in the average SWC within the 0 - 80 cm soil layer throughout the cotton growth period. Under different plastic film treatments and irrigation quotas, the average SWC increased with higher irrigation quotas. Throughout the growth period, the PE treatment remained intact without degradation. In the 0 - 80 cm soil layer, the average SWC of under W3 quota was 20.17% and 10.72% higher than that under the W1 and W2 quotas, respectively. When covered with B1 mulching, the average SWC under the W1, W2, and W3 quotas was 5.75%, 6.75%, and 7.46% lower, respectively, compared to the same irrigation level under PE treatment. No significant differences were observed between B1 and B2 treatments. During the early growth stage of cotton, under the W1 quota, the average SWC under B1 and B2 mulching was 1.27% and 1.88% lower, respectively, than under PE mulching. Under the W2 and W3 quotas, the average SWC was 2.13 - 2.80% lower than that under PE mulching. In the middle and late stages growth stage, the degradable plastic film (B2) continuously degraded as the cotton growth period progressed, and its moisture retention effect gradually weakened. Under the W1, W2, and W3 quotas, the SWC under B2 mulching was 19.46%, 22.16% and 25.70%, respectively, which was 10.93%, 11.03% and 10.99% lower than that under PE mulching. No significant differences were observed between B1 and B2 treatments.

[image: Bar charts comparing soil water content percentages across different treatments (W1, W2, W3) over three years (2021-2023) and three growth stages (EGS, MGS, LGS). Each chart uses black, red, and blue bars to represent PE, B1, and B2 treatments, respectively. Different letters above bars indicate statistical significance.]
Figure 5 | Average soil water content at different growth stages of cotton under different mulching methods and irrigation quotas. W1: 63.6% crop evapotranspiration (ETc) (315 mm); W2: 81.8% ETc (405 mm); W3: 100% ETc (495 mm); PE, polyethylene film; B1 and B2, biodegradable mulch film. EGS, Early growth stage; MGS, Middle growth stage; LGS, Late growth stage. Different letters within a column and experimental year represent significant differences at P [image: Less than or equal to symbol.]  0.05.

Table 5 | Soil water content under different irrigation quotas for biodegradable and traditional PE mulch.


[image: Table showing average soil water content percentages for different treatments from 2021 to 2023. Treatments include PE, B1, and B2 under various irrigation quotas. Columns indicate water content in whole, early, middle, and late growth stages (WGS, EGS, MGS, LGS). Source of variance includes Year, Irrigation quota, and Mulch, with significant differences marked by asterisks within the table.]



3.4 Net photosynthetic rate

During the three experimental years, the trend in Pn throughout the cotton growth period was consistent across different BEMF treatments and irrigation quotas (Figure 6). Pn initially increased, peaked at the flowering stage, and then decreased. The Pn under PE treatment was significantly higher than that under B1 and B2 treatments (P [image: Less than or equal to symbol.] 0.05). Specifically, the Pn under PE treatment was 10.29%, 6.71%, 10.78%, and 31.73% higher than that under the B1 treatment during four growth periods. Under the same mulching treatment, Pn increased with higher irrigation quotas. For example, at the flowering stage under B1 mulching the Pn under the W3 irrigation quota was 37.42 μmol·m-2·s-1, which was 9.71% and 4.87% higher than that under the W1 and W2 irrigation quotas, respectively (P [image: Symbol of a less than or equal to sign (≤).]  0.05 for both differences).

[image: Nine line graphs display photosynthesis rates (Pn) across different growth stages from 2021 to 2023 (W1, W2, W3). Each graph compares three treatments: PE (black), B1 (red), and B2 (blue). The x-axis shows growth stages: BS, FS, BSS, BOS, while the y-axis represents Pn ranging from 10 to 45 µmol m^(-2) s^(-1). All graphs show a peak at FS, with varying letters (a, b, c) denoting statistical differences between treatments.]
Figure 6 | Net photosynthetic rate of main stem leaves of cotton at four main growth stages under different mulching methods and irrigation quotas. W1: 63.6% crop evapotranspiration (ETc) (315 mm); W2: 81.8% ETc (405 mm); W3: 100% ETc (495 mm); PE, polyethylene film; B1 and B2, biodegradable mulch film. SS, Seedling stage, 27 (2021)/38(2022)/51(2023) days after sowing; BS, Budding stage, 47(2021)/69 (2022)/75 (2023) days after sowing; FS, Flowering stage, 77 (2021)/83 (2022)/97 (2023) days after sowing; BSS, Bolling stage, 95/116/119 days after sowing; BOS, Boll opening stage, 127 (2021)/143 (2022)/148 (2023) days after sowing. Different letters within a column and experimental year represent significant differences at P< 0.05.




3.5 Dry matter accumulation

As shown in Figure 7, the dry matter accumulation (DM) of cotton under each treatment exhibited a gradually increasing trend through the growth period. When the irrigation quota was the same, the DM under PE mulching was significantly higher than that under B1 and B2 mulching. However, this difference gradually narrowed with increasing irrigation quota. For example, at the boll stage, the DM under PE mulching for the W1, W2, and W3 quotas was 73.63 g·plant-1, 80.86 g·plant-1 and 86.50 g·plant-1 respectively. These values were 10.22%, 9.45% and 7.03% higher, respectively, than the DM under B1 mulching at the same irrigation quotas. No significant differences were observed in DM between B1 and B2 mulching (P [image: Greater than sign in black text on a white background.]  0.05).

[image: Line graphs comparing dry matter accumulation in grams per plant across different growth stages (SS, BS, FS, BSS, BOS) for years 2021, 2022, and 2023, across W1, W2, and W3 periods. Three lines represent treatments PE, B1, and B2. Data shows similar increasing trends across all years and growth stages, with annotations 'a' and 'b' indicating significant differences among treatments at certain stages. Each subplot is labeled with the respective year and period.]
Figure 7 | Dry matter accumulation of cotton under different mulching methods and irrigation quotas. W1: 63.6% crop evapotranspiration (ETc) (315 mm); W2: 81.8% ETc (405 mm); W3: 100% ETc (495 mm); PE, polyethylene film; B1 and B2, biodegradable mulch film. SS, Seedling stage, 27 (2021)/38(2022)/51(2023) days after sowing; BS, Budding stage, 47(2021)/69 (2022)/75 (2023) days after sowing; FS, Flowering stage, 77 (2021)/83 (2022)/97 (2023) days after sowing; BSS, Bolling stage, 95/116/119 days after sowing; BOS, Boll opening stage, 127 (2021)/143 (2022)/148 (2023) days after sowing. Different letters within a column and experimental year represent significant differences at P [image: Less than or equal to symbol.]  0.05.




3.6 Benefit analysis

The costs and benefits under different treatments are presented in Table 6. When the irrigation quota was the same, significant differences in production costs were observed among the plastic film mulching treatments. Compared to PE mulching, the production costs of B1 and B2 mulching increased by 630 CNY⋅ha-1 due to higher price of biodegradable films, and labor costs for weeding increased by 180 - 255 CNY·ha-1. However, these treatments reduced the costs associated with plastic film recovery and disposal by 600 CNY⋅ha-1. Under the same mulching conditions, the production cost increased by 0.2 CNY·ha-1 for every 1 m3·ha-1 increase in the irrigation quota. When covered with B1 and B2 mulching, the highest profits were achieved under the W3 irrigation quota, ranging from 18,702 - 39,443 CNY⋅ha-1. In 2021, the maximum profit under B1 and B2 mulching decreased by 2,289 CNY⋅ha-1 and 2,220 CNY⋅ha-1, respectively, compared to PE mulching. No significant differences in the maximum profit were observed in 2022 and 2023 when compared to PE mulching. Additionally, after mechanical recovery, 12.95 kg·ha-1 of plastic film fragments remained in the soil under PE mulching, whereas B1 and B2 mulching completely degraded, leaving no residue.

Table 6 | Analysis of economic and ecological benefits of cotton fields under different mulching methods and irrigation quotas.


[image: A table compares treatments in agricultural practices, detailing economic and ecological benefits. It includes columns for agricultural capital investment, labor, film recycling, treating, production value, profit, profit-to-production ratio (Pv/P), and surface residual film quality. Specific treatments are labeled W1, W2, W3, with mulch types PE, B1, and B2. Rows provide data in categories, displaying values such as production value in CNY per hectare, profit, and surface residual film quality in kg per hectare. Each measure includes statistical data with significant differences.]



3.7 Correlation analysis

Figure 8 presents the correlation analysis of soil hydrothermal conditions, cotton photosynthetic performance, yield, and yield components under traditional PE mulching and BE mulching. Under PE mulching, the SWC showed a positively correlated with Pn and DM, with a highly significant correlation with Pn (P [image: Symbol representing "less than or equal to."]  0.01). However, SWC was negatively correlated with boll number per unit area (Bs), single boll weight (Bw), and seed cotton yield (Y), though these correlations were not significant (P > 0.05). Soil temperature (Tr) was positively correlated with Pn, DM, Bs, Bw, and Y, but only the correlation with Bw reached a significant level (P [image: Less than or equal to symbol.]  0.05). Under B1 and B2 mulching, both SWC and Tr were positively correlated with Pn, DM, Bs, and Y, but none of these correlations were significant (P > 0.05). In contrast, Tr showed a highly significantly positive correlation with Bw (P [image: Less than or equal to symbol.]  0.01).

[image: Grid of scatter plots comparing datasets from 2021, 2022, and 2023. Each row represents different categories: SWC, Tr, Pn, DM, Bs, Bw, and Y. Plots show data points in black, red, and blue, indicating different years, enclosed by red dashed ellipses. PCC values denote correlation coefficients in each plot.]
Figure 8 | Correlation analysis of Pearson Correlation Coefficient (PCC) soil water content (SWC), soil temperature (Tr), cotton net photosynthetic rate (Pn), dry matter accumulation (DM), number of bolls per unit area (Bs), single boll weight (Bw), and seed cotton yield (Y) under the coverage of traditional polyethylene mulch (a) and biodegradable mulch (b). W1: 63.6% crop evapotranspiration (ETc) (315 mm); W2: 81.8% ETc (405 mm); W3: 100% ETc (495 mm); PE, polyethylene film; B1 and B2, biodegradable mulch film.





4 Discussion



4.1 Analysis of cotton yield and income earned under different mulching methods and irrigation quotas.

Crop growth and development are influenced by factors such as soil moisture and temperature. Within a certain range, the growth rate of crop is linearly correlated with changes in external factors. For example, higher soil water content and temperature are conducive to maize growth and development. Mulching can effectively reduce ground radiation heat loss, minimize soil water evaporation, improve soil temperature in the cultivated layer, alleviate soil salt accumulation, and enhance crop water absorption capacity, thereby increasing yield.

Pal and Mahajan (2017) research increased crop dry root yield by 24.3 - 49.7% compared with no mulching treatment. In our study, under the same irrigation quota, the seed cotton yield under BEMF was lower than that under traditional PEMF. This aligns with the findings of Zong et al. (2021) who reported that cotton yield under BEMF was significantly lower than under PEMF in terms of photosynthetic capacity and yield. The degradation and cracking of BEMF during the middle and late stages reduced its water and heat preservation performance, thereby decreasing cotton yield.

Under the W1 irrigation quota, the cotton yield under B1 and B2 mulching were 5,479 kg·ha-1 and 5,425 kg·ha-1, respectively, which were 16.06% and 16.89% lower than the highest yield under PE mulching. Under the W2 irrigation quota, the yields under B1 and B2 mulching were 6,139 kg·ha-1 and 6,083 kg·ha-1, respectively, 5.94% and 6.80% lower than under PE mulching. However, under the W3 irrigation quota, the yields under B1 and B2 mulching were 6,538 and 6,412 kg·ha-1, respectively, which B1 yielding 0.16% higher and B2 yielding 1.76% lower, than under PE mulching. These results indicate that increasing the irrigation quota compensated for water loss caused by BEMF, promoting cotton photosynthesis, photosynthetic products, and their translocation to reproductive organs, thereby increasing boll number, single boll weight, and overall yield. However, excessive irrigation can reduce the yield-increasing effect and even lower cotton yield. Yield formation is influenced not only by environmental and cultivation factors but also by the assimilation, transport, and utilization of photosynthetic products (Cao et al., 2024; Ma et al., 2024; Pettigrew and Gerik, 2007). We observed that the net photosynthetic rate (Pn) and dry matter accumulation (DM) under traditional PEMF were higher than under BEMF during key growth stages, demonstrating that soil moisture regulates photosynthetic efficiency. The lower water and heat preservation of BEMF affects cotton water absorption and photosynthesis. Increasing the irrigation quota under BEMF compensated for water demand, enhancing photosynthesis. For example, under B1 mulching, Pn increased by 10.07% and 17.80% under W2 and W3 irrigation quotas, respectively, compared to W1. Similarly, under B2 mulching, Pn increased by 8.92% and 17.79%, respectively. DM, the highest form of photosynthetic products, is crucial for yield formation (Pal and Mahajan, 2017; Shi et al., 2024; Wu et al., 2024).

Under traditional PEMF, DM in vegetative organs increased with irrigation quota, while DM in reproductive organs initially increased and then decreased. In contrast, under B1 and B2 mulching, increased irrigation promoted DM accumulation and its translocation to reproductive organs. This suggests that intact PEMF retains soil water, leading to vigorous vegetative growth but delayed and shortened reproductive growth, reducing yield. However, BEMF degradation increases evapotranspiration, preventing water enrichment and promoting reproductive growth.

Economic and ecological benefits varied with mulching treatments due to differences in mulch cost and soil hydrothermal conditions (Bo et al., 2022; Gao et al., 2022; Meng et al., 2022). Under W2 irrigation, the highest income from PE mulching was 29,178 CNY·ha⁻¹, while under W3 irrigation, incomes under B1 and B2 mulching were 28,576 CNY·ha-1 and 28,888 CNY·ha-1, respectively, with no significant differences among treatments. However, under W1 and W2 irrigation, incomes under B1 and B2 mulching were significantly lower than under PEMF, consistent with Sun et al. (2018) and Bo et al. (2022). This is attributed to poorer hydrothermal conditions under B1 and B2, reducing yield by 5.95 - 11.03%, and higher mulch and labor costs (180 - 255 CNY·ha-1). Under W3 irrigation, high soil water content reduced oxygen concentration, inhibiting root growth and yield by 171 kg·ha-1 compared to W2. Additionally, increased irrigation raised water and electricity costs, reducing economic benefits under PE mulching by 2,558 CNY·ha-1. In contrast, increased irrigation under B1 and B2 mulching compensated for soil water loss, meeting cotton water demand and increasing yield, outweighing additional costs. Comprehensive evaluation indicates that PE mulching under W2 irrigation, B1 and B2 mulching under W3 irrigation provide the highest economic and ecological benefits, with no significant differences among treatments. These findings align with Bo et al. (2022) and Meng et al. (2022) and demonstrate that increasing irrigation can enable BEMF to match PEMF performance while avoiding plastic residue pollution.




4.2 The effects of different mulching methods on soil moisture and temperature and their response to irrigation quotas

As a simple water-saving measure, mulching has been widely adopted in agricultural production (Gu et al., 2016; Sapakhova et al., 2024). It effectively inhibits soil evaporation, reduces ineffective water consumption, and enhances water use efficiency (Fuchs and Hadas, 2011; Huang et al., 2023). In regions such as the Xinjiang oasis, where cotton cultivation is heavily reliant on mulching due to low annual precipitation (<200 mm) and high evaporation (>2000 mm), mulching is indispensable (Wang et al., 2021). However, the drawbacks of traditional polyethylene film mulching (PEMF) are becoming increasingly apparent. The accumulation of residual plastic film impedes water infiltration, disrupts soil moisture distribution, reduces soil porosity and aeration, and ultimately affects crop yield (Dewi et al., 2024). Consequently, biodegradable film mulching (BEMF) has garnered attention as a sustainable alternative to PEMF in oasis cotton regions.

Our research indicates that soil moisture content under BEMF is 12.19 - 18.61% lower than under PEMF, consistent with the findings of Yin et al. (2019). This reduction is attributed to the gradual degradation of BEMF, which leads to the formation and expansion of cracks on the film surface, diminishing its ability to retain soil moisture (Liu et al., 2022). As a result, soil water evaporation increases, leading to a decline in soil moisture content. Prolonged use of BEMF may exacerbate soil moisture depletion, potentially causing irreversible soil desiccation. However, our study demonstrates that appropriately increasing irrigation quotas can compensate for soil moisture loss, mitigating the risk of soil quality degradation associated with long-term BEMF use. With increased irrigation, soil moisture content under B1 and B2 mulching increased by 16.70 - 32.52% and 18.07 - 35.12%, respectively. The improved soil moisture promotes cotton growth and canopy development, further reducing soil water evaporation. Numerous studies (Braunack et al., 2015; Di Miceli et al., 2024; Yin et al., 2019) have demonstrated that mulching can effectively increase soil temperature, thereby promoting crop growth and development and ultimately enhancing yield. However, the impact on soil temperature varies depending on the mulching material used. Most studies suggest that the warming effect of BEMF is less pronounced than that of traditional PEMF. Our finding support this observation. Specifically, compared to PE, the warming effect of B1 and B2 was weaker, with the effective accumulated soil temperature throughout the cotton growth period reduced by 100 - 111°C.

These findings primarily reflect the fact that t traditional PEMF is tightly constructed, blocking water vapor exchange between the soil surface and atmosphere. During the degradation of BEMF, the area for water vapor exchange between the soil and the atmosphere increases (Liu et al., 2022) Consequently, evaporation extracts heat from the soil, lowering its temperature, and the reduced soil moisture content results in poorer thermal conductivity, causing the soil temperature to rise more slowly. Therefore, the insulating effect of the soil under BEMF is weaker than that of traditional mulch films. As the canopy gradually closes, a closed space forms between the canopy and the ground, creating a water vapor cycle within the cotton field’s canopy, which further undermines the insulating effect of the mulch. This phenomenon explains why, despite the degradation and cracking of BEMF during this stage—resulting in a gradually closes, a closed space forms between the canopy and ground, creating a water vapor cycle within the cotton field’s canopy, which further diminishes the insulating effect of the mulch. This phenomenon explains why, despite the degradation and cracking of BEMF during this stage—resulting in a gradual reduction in coverage—the temperature difference in the soil remains smaller compared to traditional PE. Additionally, increasing the irrigation quota elevated the soil temperature and narrowed the gap in effective accumulated soil temperature between PE and B1 and B2 mulching. An increase in the irrigation quota promoted photosynthetic production and increased the leaf area index (LAI) of cotton, further enhancing canopy closure and weakening the warming function of the mulch. Moreover, increasing the irrigation quota increased the SWC, thereby increasing the soil’s heat capacity and decelerating the loss of soil temperature.




4.3 Perspectives and limitations of this study

While PEMF has significantly increased crop yields, its long-term use has led to the accumulation of residual plastic in the soil. This accumulation reduces soil water permeability, accelerates organic carbon decomposition, and decreases soil fertility, posing challenges to the sustainable development of agricultural systems (Sun et al., 2020). We argue that enhancing crop productivity should not come at the expense of soil quality degradation, as the long-term functionality of agricultural ecosystems must be preserved. BEMF, which degrades completely into CO2 and H2O, offers a promising alternative to mitigate PEMF residue accumulation and associated environmental pollution (Serrano-Ruiz et al., 2021; Sintim et al., 2019). The results of our three-year study demonstrate that BEMF can fully degrade, eliminating the risks posed by PE residues. However, this degradation may lead to losses in soil moisture and temperature, negatively impacting cotton yield formation. Prolonged use of BEMF could significantly deplete soil moisture in the plow layer, potentially degrading soil quality. Our research suggests that appropriately increasing irrigation quotas during BEMF application can help mitigate these issues. Unfortunately, our study did not address whether adjustments in fertilization strategies are necessary to meet the new growth demands of cotton under increased irrigation quotas. Additionally, while BEMF degradation can provide a carbon source for specific microorganisms, potentially enhancing soil microbial diversity (Huang et al., 2022; Song et al., 2024), it remains unclear whether this process could lead to significant nitrogen consumption, resulting in an imbalance in the soil carbon-to-nitrogen (C:N) ratio. Therefore, future research should focus on optimizing irrigation and fertilization strategies for the W2 and W3 irrigation quotas to elucidate the long-term impacts of BEMF on soil quality.





5 Conclusion

In this study, although biodegradable mulch film effectively mitigates the issue of plastic pollution associated with polyethylene mulch film, it was observed that soil moisture and effective temperature under biodegradable mulching film decreased by 2.82 - 9.42% and 100 - 111°C, respectively, leading to a reduction in cotton yield by 7.51 - 17.35%. The economic benefits associated with biodegradable mulching film are significantly lower than those of traditional polyethylene mulch film, and prolonged coverage may also result in the depletion of moisture in the soil layer. Increasing the irrigation quota can help offset the negative impacts of biodegradable mulching film. Specifically, compared to W1, raising the irrigation quota can increase soil moisture content under biodegradable mulch film by 16.70 - 35.12% and raise effective soil temperature by 18 - 35°C. The improvements in soil moisture and temperature subsequently lead to increases in the net photosynthetic rate and dry matter accumulation of cotton under biodegradable mulching film by 13.51 - 22.39% and 12.31 - 25.39%, respectively, resulting in an increase in cotton yield by 12.06 - 19.34%. Over the course of three years, the results indicate that when the irrigation quota increases by approximately 18%, cotton yield and economic benefits under biodegradable mulching film can match or exceed those observed under polyethylene mulching film, with no residual materials left in the cotton fields. Considering the long-term economic and ecological benefits to the agricultural ecosystem, we recommend that, under feasible conditions, the irrigation quota for BEMF application should be increases by approximately 18%.
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Introduction

In order to solve the current situation of water shortage and achieve sustainable agricultural development, micro-sprinkler water-saving irrigation is one of the effective methods to improve water use efficiency (WUE) compared with flood irrigation. However, the effects of water content on wheat grain weight and plant hormone content under micro-sprinkler water-saving irrigation, and the potential mechanism of different water content on plant hormone-mediated grain grouting under micro-sprinkler water-saving irrigation are still largely unknown. 





Methods

Therefore, this study conducted extensive monitoring of wheat grain weight and plant hormone content under different water content in a typical winter wheat field (wheat) in the North China Plain from 2019 to 2021 by 13C isotope tracer technology through a field experiment based on micro-sprinkling water-saving irrigation.





Results

The results showed that under micro-sprinkler water saving irrigation, the lateral development of wheat roots after anthesis was promoted by W3 treatment in the deep soil depth (0-60 cm), which was the basis for efficient absorption of water and fertilizer, as well as efficient formation of photosynthate. Meanwhile, W3 treatment significantly promoted the transfer of photosynthetic products from leaves, stems and sheaths to grain. Compared with other treatments, W3 treatment significantly increased the average grain filling rate and grain filling time. Compared with W1, W2 and W5 treatments, W3 and W4 treatments significantly improved the number of grains per ear, 1000 grain weight and grain yield. From the perspective of water saving, W3 treatment had the highest effect. Compared with W1, W2 and W5 treatments, W3 treatment significantly increased the average grain yield of the two seasons by 19.69%, 6.30% and 8.07%, respectively.





Discussion

In this study, optimizing micro-sprinkler water saving irrigation can improve root development, promote photosynthetic product transport, and increase average grain filling rate and grain filling time, thereby increasing grain yield.This study provides valuable insights into improving sustainable wheat production in micro-water-saving irrigation agricultural cropping systems, and it may provide a practical framework for striking a balance between groundwater protection and food security.





Keywords: micro-sprinkler, water-saving irrigation, 13 C assimilate redistribution, endogenous hormone, grain yield




1 Introduction

The North China Plain (NCP) is the primary food-producing region, and provides about 61% of the nation’s wheat with less than 8% of the total water resources in China (Liu et al., 2022). However, the annual rainfall is uneven and mainly concentrates in the summer maize season, while only 20%-30% falls in the winter wheat growing season, which meets only 25%-40% of winter wheat requirements (Kang et al., 2017). Meanwhile, water shortages are becoming increasingly serious. To achieve expected wheat grain yield, farmers in NCP usually irrigate three to five times via flood irrigation throughout the wheat growing season. This irrigation regime improves grain yield, but reduces water use efficiency due to supplying too much water. The extensive use of groundwater for irrigation has results in groundwater table dropping continuously, compromising both hydrological balance and sustainable agricultural production (Sun et al., 2015). Therefore, deficit irrigation is critical for maintaining high wheat production, and an optimal irrigation water management scheme must be developed for ecological security and sustainable development of winter wheat production in this region.

Compared with traditional flood irrigation, micro-sprinkler water-saving irrigation affected the infiltration and redistribution of water and fertilizer in soil, resulting in the temporal and spatial distribution differences of water and nutrients. As a result, soil physiological and biochemical characteristics will change significantly, which will affect the wheat root growth, development and metabolism, and affect the aboveground plant through the root system (Li et al., 2019). Therefore, understanding root system’s adaptive responses specific to soil environments will provide important opportunities to reveal the mechanism of micro-sprinkler water-saving irrigation to promote efficient utilization of water. However, the current studies on water-saving irrigation mainly focus on the water-saving effects, irrigation system selection, and soil nutrient migration, etc (Wan et al., 2022), and the researches on the physiological response of root system to micro-sprinkler water-saving irrigation and its regulation effect on the grain yield components is relatively insufficient.

Grain filling is a pivotal stage for yield components in wheat. Formation and redistribution of photosynthates after anthesis is the major component of wheat grain, which comprises 80% of the dry weight of wheat grain (Yang and Zhang, 2010). In general, pre-anthesis assimilate in wheat vegetative organs contributes to 20%-35% of the grain weight. Under water stress, the contribution increased up to 80%. Water stress during early grain-filling curtails the grain sink potential by reducing both the rate and duration of grain filling, but increases the remobilization of carbon reserves in stem to grains. These results suggest that promote grain filling could be an effective way to grain yield.

The plant hormones, which are minor chemicals in wheat, play critical roles in regulating plant growth and stress responses (Yu et al., 2020). It has been well demonstrated that the hormones are involved in regulating grain filling in wheat (Panda et al., 2018). The abscisic acid (ABA) content in wheat grains was found to be significantly correlated with grain-filling rate (Wang et al., 2015). In addition, ABA content was found to be significantly higher in superior spikelets than in inferior spikelets (Nonhebel and Griffin, 2020). Moderate soil water deficit can increase the ABA level in inferior spikelets, which thus promotes grain filling of inferior spikelets (Teng et al., 2021). Furthermore, the indole acetic acid (IAA) content was much higher in superior spikelets than in inferior spikelets during grain filling in wheat (Chang et al., 2020; Nonhebel and Griffin, 2020). These studies suggested that the plant hormones content were of great importance in regulating both panicle development and grain filling.

Plant hormones were well demonstrated to play key roles in regulating wheat grain filling, especially in promoting the middle and last grain filling (Teng et al., 2021). However, whether plant hormones are involved in regulating grain filling in response to different micro-sprinkler water-saving irrigation is still ambiguous. The purpose of this study was to investigate the functions of plant hormones in regulating grain filling at the grain-filling process under different micro-sprinkler water-saving irrigation conditions. A two-year field experiment was conducted to reveal the effects of micro-sprinkler water-saving irrigation on wheat grain weight and plant hormone contents, as well as the underlying mechanisms of plant hormone-mediated grain filling under micro-sprinkler water-saving irrigation. The outcomes of this study provide useful information for wheat production to achieve higher grain yield and provide insight into the mechanisms underlying the interactions between irrigation and plant hormones on wheat growth.




2 Materials and methods



2.1 Experimental site

In 2019 and 2021, field experiments were conducted in an experimental field (35°40′ N, 116°41′ E) (Figure 1) at Yanzhou Academician Work Experimental Station in Shandong Agricultural University, Ji’ning, Shandong Province, China. The site is characterized with temperate monsoon zone climate with mean annual precipitation of 600 mm and average annual temperature of 14.1°C. The meteorological data were obtained from Ji’ning meteorological station. Weather details of experimental duration in both years are given in Figure 2. According to the Food and Agriculture Organization of the United Nations classification, the site soil at the experimental site is loam, with the following properties: 14.20 g·kg-1 the content of organic carbon, 1.13 g·kg-1 total nitrogen, 122.60 mg·kg-1 available nitrogen, 129.44 mg·kg-1 available potassium, and 38.11 mg·kg-1 available phosphorus.

[image: Map of China highlighting the North China Region with a zoomed-in section showing provincial boundaries. Key indicates an experiment station in Shandong, marked by a red dot, and Beijing, marked by a red star. The North China Region is shaded in gray. A scale and compass are included.]
Figure 1 | The study site map.

[image: Line graph showing mean temperature and precipitation from 2019 to 2021. Solid black line for 2019-2020 temperature; red dashed line for 2020-2021 temperature. Blue bars for 2019-2020 precipitation; green bars for 2020-2021 precipitation. Dates on the x-axis, temperature in Celsius on the left y-axis, and precipitation in millimeters on the right y-axis.]
Figure 2 | Effective precipitation and temperature during wheat growth period.




2.2 Experimental design

Based on previous studies (Zhang et al., 2023; Man et al., 2014a), we established five irrigation regimes. Five irrigation regimes i.e. wherein supplementary irrigation brought soil water content in the 0~40 cm profile to 65% (W1) field water capacity (FC), 70% (W2) FC, 75% (W3) FC, 80% (W4) FC or 85% (W5) FC at the joining and anthesis stages, were established in split plot arrangement (20 m long and 2 m wide) under randomized complete block design with three replications. There are two irrigation events in the growing season: the first at jointing and the second at anthesis. Soil water content was determined by drying method before irrigation at jointing and anthesis. The amount of supplemental irrigation matched the treatment irrigation requirement, which was calculated from the relative soil moisture content in the 0–140 cm soil depth. Field water capacity is defined as the water content of a soil following saturation with water when free drainage is negligible. The supplemental irrigation amounts were calculated according to the method of Man et al. (2014b). All irrigation treatments were conducted using a micro-sprinkling hose, it’s length was 20 m, and it’s flow rate was 6 m3·h-1 under the working pressure of 0.02 MPa. The supplemental irrigation amount were controlled by water meter at the head of micro-sprinkling hoses, and the sprinkling angle of hose was 80°. In this study, the micro-sprinkling hoses had folded diameters of 6 cm, and were perforated with 58 groups of orifices. There were six orifices in each group, and with a group, the diameter of the first and the sixth orifices was 1.2 mm, while the diameter of the other four orifices was 0.8 mm. The distance between two adjacent groups of orifices was 20 cm (Man et al., 2014a).

The variety of wheat for the trial was Jimai 22, respectively. The wheat seeded on October 12, 2019 and harvested on June 11, 2020 seeded on October 8, 2020 and harvested on June 13, 2021. The planting density was 1800000 plants per hectare. All treatments had the identical fertilization scheme. The basal fertilizer consisted of single superphosphate and potassium sulphate, providing 150 kg P2O5 ha−1 and 150 kg K2O ha−1. Nitrogen fertilizer was also applied at 135 kg·ha−1 and 105 kg·ha−1 as a basal fertilizer and topdressing fertilizer at the seedling and jointings, respectively. Before sowing, the base fertilizer was spread onto the soil surface and immediately mixed with a rotary cultivator to a depth of 20 cm. At jointing, a furrow was opened to apply nitrogen fertilizer, and then covered immediately. Pesticides and herbicides were applied as necessary.




2.3 Root weight density and root surface area density

The root samples of 0-20, 20-40, 40-60 cm soil depths were collected in wheat planting rows and between rows with a root drill at anthesis and 10 and 20 days after anthesis. The diameter of the root drill was 10 cm. The mixture of root and soil was put into a 100 mesh nylon bag and washed with tap water. After washing, the mixture of root and organic debris was carefully separated. The separated root samples were stored in a -40°C refrigerator. Place the root sample in an 80 °C oven and dry it to constant weight to measure the dry weight of root system and calculate the dry weight density of root system. The root surface area was measured by WinRHIZO2013 system and EpsonV700 root scanner (Gleason et al., 2019).




2.4 Carbon isotope analysis

We conducted a leaf isotope tagging experiment with 13CO2 in both wheat growing seasons. Ten representative single stem in each wheat cultivation plot were selected at the anthesis stage. We encased the flag leaf of each selected single stem in a 0.1-mm-thick Mylar plastic bag, which permitted sunlight to pass at levels up to 95% of the natural intensity. The bags were sealed at the base with adhesive tape and subsequently injected with 3.5 mL of 13CO2. After allowing photosynthesis to proceed for 30 min, the 13CO2 in each bag was extracted through a KOH washer to absorb the remaining 13CO2 and the bag was removed. This experiment was conducted from 09:00–11:00 a.m. on sunny days. At 72 h after procesing from anthesis and maturity stages, the wheat plants were randomly sampled from each plot by cutting at the ground level. All plants were separated into stems and sheaths, leaves, glumes (spike axis and kernel husks), and grains (only at maturity), and oven-dried to a constant weight at 70 °C to determine the aboveground biomass. All samples were milled to a fine powder using a ball mill, for use in the carbon isotope analysis. The carbon isotope content of milled samples (5 mg) was determined using an online system composed of an elemental analyzer, a TripleTrap, and a mass spectrometer(Carlo Erba 2100, Milan, Italy). The distribution of 13C photosynthates among different organs was determined (Gao et al., 2017). The formula for calculating relevant indicators is as follows:

[image: Formula showing δ13C in percentage, calculated as the ratio Rs over R, minus one, multiplied by one hundred.]	

Where Rs is 13C/12C in the measured sample, and R is a fixed value of 0.0112372.

[image: Formula for CA percentage: \[((8^3 \times C + 1000) \times R \times 100) / ((8^3 \times C + 1000) \times R + 100)\].]	

Where CA is 13C abundance.

[image: CD concentration in micrograms is calculated using the formula: \((\text{CAL} - \text{CAU}) / 100 \times \text{OW} \times \text{CCO} \times 1000\).]	

Where CD is 13C distribution for each organ, CAL is 13C abundance in labeled sample, CAU is 13C abundance in un-labeled sample, OW is organ weight, CCO is carbon content of organ.

[image: CT in micrograms equals CAAL sub N sub two minus CAAM.]	

Where CT is 13C transhipment, CAAL72 is 13C accumulation amount after label 72 h, CAAM is 13C accumulation amount at maturity.




2.5 Determination of endogenous hormones in seeds

The root of 0-20, 20-40, 40-60 cm soil depths were sampled at anthesis and 10 and 20 days after anthesis, and immersed in liquid nitrogen and then maintained in a -80°C freezer for measurement of endogenous hormones. Hormones were determined by liquid chromatography-mass spectrometry (LC-MS/MS). First, the hormone components in the sample are separated by liquid chromatography, and then the separated components are qualitatively and quantitatively analyzed by mass spectrometry. Operation process, sample pretreatment: Weigh an appropriate amount of plant samples, such as rice seedlings, extract with 80% methanol at 4°C for 12h after liquid nitrogen grinding, collect the supernatant by centrifugation, blow dry with nitrogen, redissolve with 95% acetonitrile, and then centrifuge the supernatant for LC-MS/MS analysis.

Instrumental analysis: Appropriate chromatographic column and mobile phase system, such as Waters Acquity UPLC HSS T3 C18 column, water (0.1% acetic acid) -acetonitrile (0.1% acetic acid) as the mobile phase for depth elution. Mass spectrometry uses electrospray ion source, detected in positive ion mode, and selected reaction monitoring (MRM) mode to monitor specific ion pairs of each hormone.




2.6 Grain weight and grain filling

The grain sample were taken at 7, 14, 21, 28, 35 days after anthesis in both growth season. The formula for calculating grain filling rate (G) is provided below (Wu et al., 2020).

[image: Mathematical equation showing G times g to the power of negative one equals delta W divided by delta d.]	

Where ΔW is the difference in 1000-grain weight between two sample time points, and Δd is the number of days between two sample time points, and Δd in this experiment is 7.

The grain-filling process was fitted by logistic growth equation as described by Liu et al. (2021).

[image: Mathematical equation representing the formula for G. The equation is: \( G = \frac{A k B e^{-k t}}{N (1 + B e^{-k t})^{\left(\frac{N+1}{N}\right)}} \).]	

Where kernel weight (mg), A is final kernel weight (mg), t is time after anthesis (d), B, k and N is coefficients determined by regression.




2.7 Grain yield, yield components, and harvest index

At maturity, a sample of 4 m2 sampling plot was harvested by hand to estimate the yield and spike number per plot. Threety representative plants were chosen to measure the grain number per spike. Subsequently, the grain yield was calculated at 12.5% water content. The 1000-grain weight was calculated by weighing 1000 grains.




2.8 Statistical analysis

A statistical analysis software (SPSS 12.5, Chicago, IL, USA) was used for data analysis. The mean values for different treatments were compared using Duncan’s multiple-range test at a probability level of 0.05.





3 Results



3.1 Root dry weight density and root surface area density

The root in the soil was primarily distributed in the 0-60 cm soil depth. As the depth of the soil depth increased, the root dry weight density and root surface area density gradually deceased (Figure 3). The irrigation levels had significant effects on the root dry weight density and root surface area density at anthesis, 10 and 20 days after anthesis. At anthesis stage and 10 days after anthesis, the root dry weight density of 0-20 cm soil layer in W3 treatment was significantly higher than that in W1 and W2 treatment, but significantly lower than that in W4 and W5 treatment. The root dry weight density of 20-40 cm soil layer showed that W3 treatment was significantly higher than W1 treatment, but there was no significant difference between W2, W4 and W5 treatment. The root dry weight density of 40-60 cm soil layer showed no significant difference between W3 treatment and W2 treatment, but was significantly higher than other treatments. At 20 days after anthesis, the root dry weight density of 0-20 cm soil layer showed that W3 treatment was significantly higher than W1 treatment, but significantly lower than W4 and W5 treatment, and the root dry weight density of 20-40 cm soil layer showed that W3 treatment was significantly higher than W1 and W2 treatment, but had no significant difference from W4 and W5 treatment. The root dry weight density of 40-60 cm soil layer in W3 treatment was significantly higher than that in other treatments. The root surface area density and root dry weight density showed a similar trend (Figure 4). This results indicated that the W3 treatment improved the root distribution, which was conducive to increase the absorption of soil water and nutrients.

[image: Bar charts show the dry weight density of roots (mg/cm³) across three soil layers (0-20 cm, 20-40 cm, 40-60 cm) for two growing seasons, 2019-2020 and 2020-2021, with treatments W1 to W5. Each chart (A-F) compares these treatments, indicating significant differences with letters (a-d).]
Figure 3 | Dry weight density of root in 0-60 cm soil depth after anthesis under different treatments (mg·cm-3). (A, D) are the anthesis, (B, E) are the 10 after anthesis, (C, F) are the 20 days after anthesis. Lowercase letters represent that the data difference between processing is greater than 0.05.

[image: Six bar charts compare root surface density across different soil layers (0-20 cm, 20-40 cm, 40-60 cm) for two periods: 2019-2020 and 2020-2021. Each chart (A-F) shows density by five water treatments (W1-W5) using color coding. Density values range from 0 to 2.0 mm²/cm³. Error bars and letters (a-d) indicate statistical significance.]
Figure 4 | Root surface area density in 0-60 cm soil depth after anthesis under different treatments (mm2·cm-3). (A, D) are the anthesis, (B, E) are the 10 after anthesis, (C, F) are the 20 days after anthesis. Lowercase letters represent that the data difference between processing is greater than 0.05.




3.2 13C photosynthate distribution in different organs of wheat

The amount and ratio of C allocation into various organs were calculated based on the variation in N content and 13C isotope in different organs. In 2019-2020, the 13C photosynthate in leaf, stem and sheath of W3 treatment were significantly higher than that of W1 treatment after 72 h labeling, whereas we detected no significant differences between W2, W3, W4 and W5 treatments. No significant differences in spike axis and husk 13C photosynthate were observed between treatments 72 h after labeling. The 13C photosynthate in leaf of W3 treatment was significantly lower than that of W4 and W5 treatments, and there was no significant difference between W1, W2 and W3 treatments. The 13C photosynthate in stem and sheath of W3 treatment was significantly lower than that of W5 treatment, and significantly higher than that of W1, W2 treatment, there was no significant difference between W4 treatment. The 13C photosynthate in spike axis and husk of W3 treatment was significantly lower than that of W5 treatment, and there was no significant difference between W1, W2, W3 and W4 treatments. The 13C photosynthate in grain under the W3 treatment was higher by an of 20.78%, 7.21% and 8.66% than W1, W2 and W5, respectively, there was no significant difference between W4 treatment. Similar responses to treatments were observed in both growth seasons. This indicated that the W3 treatment significantly increased the assimilation of carbohydrate after anthsis and for the distribution of those carbohydrate from vegetative organs to grains. This was probably a key reason for the W3 treatment effect of high grain weight. The differences in the allocation of 72 hleaf, Stem and sheath, Spike axis and husk 13C after marking were extremely significant between treatments and between years, while the differences in the allocation of Year×Treatments were not significant. The differences in the allocation of leaf, Spike axis and husk and Grain 13C between treatments and between years were extremely significant, and the differences in the allocation of Stem and sheath 13C between treatments were significant, and the differences between years were extremely significant. Year×Treatments were significantly different in leaf at maturity, Spike axis and husk 13C were extremely significant, and the differences in the allocation of Stem and sheath and Grain 13C were not significant.




3.3 13C Photosynthate translocation after anthesis

Changes in the amount of 13C distribution in different organs after anthesis are shown in Figure 5. In both growth seasons, irrigation treatments had significantly effect on the translocation amount of different organs. W3 treatment significantly improved the transport of leaf, stem and sheath 13C photosynthate to grains (Table 1). In 2019-2020, the translocation amounts of leaf, stem and sheath 13C photosynthates under the W3 treatment were significantly higher than that of W1, W2, W4 and W5 treatments. The translocation amounts of spike axis and husk under W3 treatment was significantly higher than that of W1 treatment, and there was no significant difference between W2, W4, and W5 treatments. Collectively, these results indicated that the W3 treatment substantially promoted the translocation of photosynthates to the grain, especially from the leaf, stem and sheath.

[image: Bar charts comparing the amount of \(^{13}\)C translocation in plants for the years 2019-2020 and 2020-2021 across five treatments (W1 to W5). Data segments include spike axis and husk, stem and sheath, and leaf, differentiated by color. Values indicate varying translocation amounts, with notable differences between years and treatments.]
Figure 5 | Effects of different treatments on 13C translocation amount in different organs at 72h after labeling and maturity in wheat plants.




3.4 The endogenous hormone of grain after anthesis

Fluctuations in endogenous hormone of grain were observed under different treatment conditions over the two-season study (Figure 6). The IAA content at 7 day under W1 treatment was significantly higher than that of W2, W3, W4 and W5 treatments. W1, W2 and W3 treatments produced the highest levels at 14 day, with W4 and W5 treatments producing the lowest levels. The IAA content from 21 to 35 day under W3 treatment was significantly higher than that of W1, W2, W4 and W5 treatments. Over the 2-year measured period, ABA content after anthesis significantly decreased with increasing irrigation levels. The ZR content was not significantly different between treatments at 7 day. The ZR content from 14 to 21 day under W2, W3, W4 and W5 treatments were significantly higher than that of W1 treatment. And the W3, W4 and W5 treatments produced the highest levels from 28 to 25 day, followed by W2, with W1 producing the lowest levels. The two growing seasons had similar results, suggesting that endogenous hormone of grain at the middle and late growing stages was improved by W3 treatment.

[image: Graphs comparing hormone levels of IAA, ABA, and ZR at different days after anthesis for 2019-2020 and 2020-2021. Each hormone's graph shows data points for five different treatments (W1 to W5) across 7, 14, 21, 28, and 35 days. Insets provide detailed views from 21 to 35 days. Data points have differing letter annotations indicating significant differences.]
Figure 6 | Grain filling rate after anthesis under different treatments (g·d-1). Lowercase letters represent that the data difference between processing is greater than 0.05.




3.5 1000-grain weight

In the growing seasons during 2019 and 2021, the grain weight tended to increase through the days after anthesis. The grain weight were not significantly different between treatments at 7, 14 day (Figure 7). And the W3 and W4 treatments produced the highest levels from 21 to 35 day, followed by W2 and W5, with W1 producing the lowest levels. Similar responses to treatments were observed in both growth seasons.

[image: Two line graphs compare 1000-grain weights over days after anthesis for 2019-2020 and 2020-2021 growing seasons. Both graphs show weights increasing from 7 to 35 days after anthesis across different conditions (W1-W5), each represented by various symbols. Error bars indicate variability, and letters indicate statistical differences.]
Figure 7 | 1000-grain weight after anthesis under different treatments (g). Lowercase letters represent that the data difference between processing is greater than 0.05.




3.6 Grain-filling rate

Figure 8 shows the changes in the grain-filling rate after anthesis. In the growing seasons during 2019 and 2021, the grain-filling rate peaked in the 14-21 days after anthesis before then decreasing. The grain-filling rate in 14-21, 21-28 and 28-35 days after anthesis were affected by the treatment, but the grain filling rate in 0-7 and 7-14 days after anthesis were no affected by the treatment. And the W3 and W4 treatments produced the highest levels from 21 to 35 day, followed by W2 and W5, with W1 producing the lowest levels. Similar responses to treatments were observed in both growth seasons.

[image: Line graphs show grain filling rates over days after anthesis for two seasons, 2019-2020 and 2020-2021. Five treatments (W1 to W5) are compared. Rates peak between days 14-21 before declining. Error bars and statistical significance letters (a-d) are included.]
Figure 8 | Grain filling rate after anthesis under different treatments (g·d-1). Lowercase letters represent that the data difference between processing is greater than 0.05.




3.7 Grain filling equation

The grain weight of different days after anthesis was used to carry out grouting fitting according to logistics equation (Table 2). In 2019-2020, the W5 treatment produced the highest the time to reach the maximum rate, followed by W2, W3 and W4, with W1 producing the lowest levels. The W3 and W4 treatments produced the highest maximum filling rate, followed by W2 and W5, with W1 producing the lowest levels. The mean filling rate and grain filling duration under the W3 treatment were significantly higher than that of W1, W2, W4 and W5 treatments. The two growing seasons had similar results, suggesting that mean filling rate and grain filling duration were improved by W3 treatment.

Table 1 | Effects of different treatments on 13C distribution amount in different organs at 72h after labeling and maturity in wheat plants.


[image: Table comparing 13C distribution amounts in µg per stem across different treatments and years, measured at 72 hours after labeling and at maturity. Data covers leaf, stem and sheath, spike axis and husk, and grain. Significant differences are noted with asterisks at different levels: * for P<0.05, ** for P<0.01, *** for P<0.001, and ns for not significant.]
Table 2 | Grain filling equation and grain-filling parameters for different treatments.


[image: Table showing grain filling parameters over two growing seasons (2019-2020 and 2020-2021) under different treatments (W1 to W5). Parameters include growth curve equations, Tmax, Vmax, Vmean, and D, with corresponding values for each treatment and year. Tmax represents time to maximum filling rate, Vmax is the maximum filling rate, Vmean is the mean filling rate, and D is the grain filling duration.]



3.8 Yield and yield components

Compared to W1, W2 and W5 treatments, W3 and W4 treatments significantly increased the grain number per spike, 1000-grain weight and grain yield, and from the perspective of water saving, the effect of W3 treatment was the highest (Table 3). In comparison to W1, W2 and W5 treatment, W3treatment significantly increased the two-season average grain yield by 19.69%, 6.30% and 8.07%, respectively. However, the grain yield showed no difference between W3 and W4. Except for the spike number, in comparison to W3 treatment, W5 treatment markedly decreased the two-season average grain number per spike and 1000-grain weight by 11.32% and 11.52%. The differences in Spike number, Grain number, 1000-grain and Grain yield among treatments were extremely significant, and the differences between years were extremely significant, while the differences in Year×Treatments were not significant.

Table 3 | Grain yield and yield components under the different treatments during 2019-2021.


[image: Table showing agricultural data from 2019 to 2021 across different treatments (W1 to W5). Columns include spike number, grain number per spike, 1000-grain weight, and grain yield. Significant differences are indicated by different letters and significance levels by asterisks: ** (p < 0.01), *** (p < 0.001).]




4 Discussion



4.1 Effects of soil moisture on grain yield and yield components

Soil water deficits lead to reduced wheat grain yield, and supplementary irrigation can increase wheat grain yield. In our study, grain yields were lowest in the W1 (low-irrigation) treatment and tended to increase with increasing irrigation level, in agreement with previous reports. The micro-sprinkler water-saving irrigation has been shown to be an effective wheat water-saving irrigation method. In our study, grain yield were higher in the W3 treatment than in other irrigation treatments. We attribute the increase in grain yield to the increase in grain number per spike and 1000-grain weight. Furthermore, our experimental field results revealed that in the W4 treatment, irrigation water use was increased by 6.67% (compared to the W3 treatment) but grain number per spike, 1000-grain weight and grain yield did not decrease significantly. However, the soil water content continued to increase to the 85% treatment level (W5), and grain number per spike, 1000-grain weight and grain yield decreased significantly (compared to the W3 treatment). The spike number of wheat increases with an increase in the soil water level supply, but the grain number per spike, 1000-grain weight and grain yield increases with soil water level act to a certain level and then declines. An soil water level in 75% maintains grain yield at relatively high levels, and further increasing the level has no benefit to increasing grain yields.




4.2 Effects of soil moisture on root morphological pattern

The growth and development of wheat root system have strong plasticity, and can adjust their morphological structure and spatial distribution to adapt to the environment according to soil moisture (Yang et al., 2018). It is of great significance to ensure high grain yield by adopting appropriate irrigation measures to form environmental conditions that are conducive to increasing the proportion of deep roots (Miao et al., 2019). Many researchers believe that root dry weight density and surface area density are important target for studying root distribution (Fang et al., 2021; Chen et al., 2020). The micro-sprinkler water-saving irrigation affected the infiltration and redistribution of water in soil, which affected the size and distribution of roots (Ma et al., 2013). This study showed that with the increase in soil moisture level, the root dry weight density and surface area density increased, while the proportion of root dry weight density and surface area density in deep soil depths decreased, which is because wheat roots do not need to explore deep soil depths under sufficient water conditions. Excessive soil moisture content significantly promoted root system in 0-40 cm soil, while the root dry weight density and surface area density in 40-60 cm soil depth under suitable soil moisture content were significantly greater than those under other soil moisture. Increasing deep roots helps make full use of water storage in deep soil depths (Wang et al., 2014; Thapa et al., 2019), thus reducing the risk of yield loss due to drought. Similar observation also showed that compared with W2, W3, W4 and W5 treatments, wheat under W1 had lower root dry weight density and surface area density in 0-60 cm soil depth (Jha et al., 2017). A suitable soil moisture content optimized the distribution of roots in different soil depths, coordinating the proportion of shallow and deep soil roots. Root dry weight density and surface area density are often used to assess the effects of different environmental and management factors on root distribution patterns (Ahmadi et al., 2018; Zhang et al., 2020). Based on observations of root dry weight density and surface area density, our study showed that suitable soil moisture content optimized the root morphological pattern of wheat by increasing root dry weight density and surface area density of deep roots.




4.3 Effects of soil moisture on accumulation and transport of photosynthetic products

In order to explain the soil moisture of W3 on accumulation, transport and distribution of photocontracides, we use 13C isotope tracer technique to investigate. Plants need to allocate more dry matter to vegetative organs compounds to maximize the productivity of water (Feng et al., 2023). In this study, the amount of 13C photosynthate in vegetative organs at 72h after labeling increased with the increase of soil moisture level, but there was no significant difference between W2, W3, W4, and W5 treatments. As the photosynthetic material production exceeds the respiratory consumption, the excess photosynthetic product is stored in vegetative organs as dry matter, which is transported after anthesis to meet the needs of grain filling (Zhao et al., 2020). In this study, compared with other soil water level treatments, W3 increased the 13C photosynthate in grain at maturity, simultaneously. High soil water level (W5) further increased the 13C photosynthate at maturity but most of those increased 13C photosynthate was allocated to the vegetative organs pools instead of the grain pool, which explained the decrease in grain yield under W5 treatment. Compared with the W1, W2, W4 and W5 treatments, the translocation amounts of leaf, spike axis and husk under the W3 treatment had significantly higher pre-anthesis 13C photosynthate. In this experiment, the W3 treatment tended to allocate more 13C photosynthate to grains and less to vegetative organs, compared with other treatments, which explained why W3 had higher 13C photosynthate in grain than other treatments.




4.4 Grain-filling in wheat grain is regulated by plant hormones

Water is an essential condition for plant growth, development, and production. The hormones play key roles during plant growth and development and in response to environmental factors and water deficit. In this study, we found that both IAA and zeatin riboside (ZR) were significantly reduced by excessive low or high soil moisture level after anthesis in grain. However, with the increase of soil moisture level, the content of ABA in grain decreased gradually. These results indicated that increasing soil moisture content could significantly delay plant senescence. The relationship between hormones and irrigation management has also been intensively studied in vegetative organs. In tea plants, Drought stress was found to reduce cytokinin content by inhibiting the biosynthesis of ZR and IAA (Hu et al., 2020). In rice, the application of irrigation increased the expression of ZR and IAA biosynthesis genes and thus promoted ZR and IAA content in roots and leaves (Zhu et al., 2018). However, under excessive irrigation conditions, a high level of ZR and IAA will lead to “staygreen” and delayed whole plant senescence (Gregersen et al., 2013). In this study, IAA was inhibited by high or low soil moisture level, suggesting that inhibition of IAA biosynthesis by high or low occurs in grains. In addition, low soil moisture level also suppressed the content of ZR, But high soil moisture level did not significantly promote grain ZR content. These results suggest that ZR content might was regulated by catabolism rather than biosynthesis in response to high soil moisture level treatment. Under moderate water stress, ABA establishes and maintains root meristem function and stimulates root elongation, and ABA response and auxin transport play key roles in root elongation under water stress (Li et al., 2024). Under drought conditions, local accumulation of root auxin is consistent with its role in inhibiting root aquaporins and reducing vascular cell size, limiting vascular diameter and limiting root radial aquaporin-mediated water transport (Walid and Rémy, 2019).

The grain-filling process is the conversion between dry matter that involves photoassimilate translocation and accumulation in grains. Previous studies have shown that a low irrigation amount leads to premature senescence and (Zhang et al., 2016) reducing the grain-filling time (Wang et al., 2009). However, irrigation can be expected to postpone the premature senescence of plants and prolong the grain-filling time (Yang and Zhang, 2010). The grain-filling rate and grain-filling time are critical parameter affecting wheat grain weight. In our study, the grain filling was inhibited by high or low soil moisture, and the grainfilling rate and grain weight showed similar trends. And the grain filling parameters results indicate that the inhibitory effect of high or low soil moisture on grain weight is caused mainly by the reduction in the grain-filling rate and grain-filling time. In agreement with a previous finding (Hamner et al., 2017), high soil moisture markedly delayed the time to reach the maximum filling rate. Balotf et al. (2018) stated that irrigation promotes the synthesis of carbohydrates and their transport to the grain by promoting photosynthesis. However, Liang et al. (2017) showed that the amount of carbohydrates transported to the grain decreased under high soil moisture conditions, owing to the large amount of carbohydrates consumed for the vigorous growth of vegetative organs such as stems and leaves under high soil moisture conditions (Sun et al., 2019). Thus, the effects of irrigation on carbohydrate transport can vary. In the present study, high soil moisture delayed the time to reach the maximum filling rate. However, high soil moisture also promotes the growth of vegetative organs such as stems, and this consumes many carbohydrates and may reduce their transport to the grain.





5 Conclusion

This study reported comprehensive measurements from winter wheat fields under five micro-sprinkler water-saving irrigation practices (i.e. W1, W2, W3, W4 and W5) in the North China Plain during 2019–2021. The results showed that under the condition of micro-spray water-saving irrigation, W3 treatment promoted the development of wheat roots after anthesis in deep soil (0-60 cm). At the same time, W3 promoted the transfer of photosynthetic products from leaves, stems and sheaths to grains by increasing endogenous hormones in grains, and improved the average filling rate and grain filling time, and finally increased the yield through carbon redistribution. The study revealed the mechanism of optimizing micro-sprinkler water-saving irrigation for improving grain yield and provided a new perspective for improve wheat grain yield. In future experiment, endogenous hormone of leaf and photosynthetic rate can be observed simultaneously, so as to quantify the effect of micro-sprinkler water-saving irrigation on photosynthetic material production and provide more sufficient evidence for the results. The results also implied that ensuring water supply throughout the winter wheat growth period, especially during critical growth periods, could mitigate the negative effects of water scarcity. Whether the shift in irrigation modes will have a positive impact on other crops in future climate scenarios requires further exploration.
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Reducing emissions of the greenhouse gas nitrous oxide (N2O) while improving forage yield and quality is essential for sustainable agriculture in the context of global warming. However, how to reduce N2O emissions through water and nitrogen management in alfalfa planting is still unclear. In this two-year field experiment, the effects of three irrigation rates (W1, 375 mm; W2, 525 mm; W3, 675 mm) and five nitrogen (N) fertilizer application rates (N0, 0 kg N ha−1; N1, 75 kg N ha−1; N2, 150 kg N ha−1; N3, 225 kg N ha−1; N4, 300 kg N ha−1) on alfalfa yield, quality, resource use efficiency, and N2O emissions were explored. The results showed that irrigation combined with N application resulted in greater N2O emissions than irrigation alone. The cumulative N2O emissions increased with the increase of irrigation rate, and the average maximum cumulative N2O emissions of the W3 treatment (0.58 kg ha−1) increased by 94.14% and 57.38% compared with that of the W2 and W1 treatment, respectively. The cumulative N2O emissions also increased with the increase of the N application rate, and the average cumulative N2O emissions of the N4 treatment (0.69 kg ha−1) increased by 31.99%, 62.87%, 108%, and 173% compared with that of the N3, N2, N1, and N0 treatments, respectively. The variation of the average N2O emission coefficient was similar to that of the cumulative N2O emissions, and the W3 treatment (5.46) and N4 treatment (4.84) had the largest coefficients. Yield, crude protein, crop water productivity (WPc), and N2O emissions increased with the increase of N application rate, regardless of irrigation rate, with maxima occurring at N2 or N3 levels. These results suggest that the low NUE may be caused by the high cumulative N2O emissions. Besides, the combination of the irrigation rate 525 mm and the N application rate 150–225 kg N ha-1 could significantly increase alfalfa yield and crude protein content compared to other irrigation and nitrogen application treatments. However, further increasing irrigation and N rates failed to obtain further yield and crude protein increases, but led to N2O emission increase and WPc and NUE reductions. This may cause serious resource waste and environmental pollution.
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1 Introduction

Nitrous oxide (N2O) is a potent greenhouse gas in the atmosphere that can retain up to 121 years (Jordan et al., 2020; Wang et al., 2024). It has a global warming potential 265–298 times that of carbon dioxide (IPCC, 2014). In addition, N2O is a stratospheric ozone-depleting substance (Ravishankara et al., 2009). Nitrous oxide emissions from agricultural soils account for more than 60% of the global anthropogenic N2O emissions, and this proportion is as high as 70% in China (Tian et al., 2020). Nitrogen fertilizer is an important source of N2O emissions. Currently, China consumes about 30% of the world’s N fertilizer, being the world’s largest consumer, so N2O emissions from China’s agricultural soils cannot be ignored (Yu et al., 2019). In recent years, N fertilizer topdressing by drip fertigation has been recommended in alfalfa (Medicago sativa) planting. The subsurface drip fertigation can accurately supply the water and nutrients to the root zone, increase the absorption and utilization efficiency of water and nitrogen by the roots, reducing nitrogen loss (Zheng et al., 2018; Yahaya et al., 2023). However, alfalfa has a low NUE due to the great N losses caused by N2O emissions, ammonia volatilization, and nitrate leaching (Sehy et al., 2003; Ni et al., 2020). The large amount of N2O emissions not only leads to a waste of resources, but also seriously threatens the environmental security. Recent study (Tian et al., 2019) has shown that from 1860 to 2016, the global annual N2O emissions from chemical N fertilizers increase from 0.3 Tg N2O-N to 3.3 Tg N2O-N. Therefore, it is necessary to optimize water and N fertilizer management to reduce N2O emissions in alfalfa planting (Benckiser et al., 2015; Zhao et al., 2021).

Alfalfa is a legume forage widely cultivated in the arid and semi-arid regions of northwest China. Although alfalfa has a strong drought adaptability, water deficit in these regions still greatly affects its growth, dry matter yield, and quality (Lamm et al., 2012; Liu et al., 2021). Local farmers always increase alfalfa yields through over irrigation by traditional irrigation ways such as flood irrigation, resulting in high water consumption and low WPc (Liu et al., 2021). This further exacerbates the water scarcity. Therefore, irrigation regime optimization is very necessary. Subsurface drip irrigation is a water-saving irrigation method. Under the premise of equal yield, subsurface drip irrigation saves 50%-60% and 20%-30% water compared with furrow irrigation and surface drip irrigation, respectively (Hassanli et al., 2008; Wang et al., 2020). This is due to that subsurface drip irrigation can directly deliver water and nutrients to plant roots and avoid surface water evaporation, thus improving the irrigation water productivity and avoiding waste of water resources (Dukes and Scholberg, 2005; Du et al., 2017). Exogenous N is a necessary for efficient and high-quality production of crops (Gao et al., 2020). In recent years, with the increase in forage demand for livestock production in China, over application of N has become a common practice for increasing alfalfa yield (Hou et al., 2021). However, over application of N reduces the positive effect, and causes greater nutrient growth than reproductive growth, thereby delaying plant maturation and reducing crop NUE and yields (Kunelius, 1974; Sun et al., 2023). This may further negatively impact the environment, ecosystem function, and biodiversity (Ren et al., 2019a; Gilles et al., 2021). Besides, soil anaerobic environment caused by over irrigation and over fertilization can accelerate the N loss by N2O emissions due to denitrification (Snyder et al., 2009; Li et al., 2020). Due to soil water greatly impacts crop NUE (Ren et al., 2019b), it is necessary to optimize the irrigation and N fertilization regimes to minimize the negative impacts of N loss on the environment while increasing WPc, NUE, and yields (Ju and Gu, 2014; Li et al., 2022).

Irrigation and N fertilization are vital for alfalfa production (Li et al., 2019). The anaerobic soil environment caused by over irrigation and the over application of N can accelerate N2O emissions, causing large N losses (Snyder et al., 2009; Li et al., 2020). How to optimize water and N supply to reduce N2O emissions while increasing alfalfa NUE, WPc, yield, and quality under subsurface drip irrigation remains unclear. This study hypothesized that reducing irrigation and N application rates may maximize alfalfa WPc, NUE, and yields while reducing the N2O emissions. To verify the hypothesis, this study investigated the effects of three irrigation rates and five N rates on alfalfa yield, quality, resource use efficiency, and N2O emissions from alfalfa fields (plants and soil) under subsurface drip irrigation. Besides, this study also clarified the optimal water and N fertilizer management in alfalfa planting. The aim was to achieve the coordination of alfalfa production and environmental protection in the arid regions of northwest China.




2 Materials and methods



2.1 Experimental site

Field experiments were conducted in 2022 and 2023 in Botanical Garden 2 Village, Liangtian Town, Yinchuan, Ningxia Hui Autonomous Region, China (106°18’ E, 38°40’ N, 1100 m a.s.l.). The experimental site has a temperate continental climate. According to the report of the Ningxia Meteorological Bureau (http://nx.cma.gov.cn/index.html), the annual sunshine duration in the experimental site was about 3032 hours, the frost-free period was 185 days, the annual average temperature was 8.7°C, the annual average precipitation was 200 mm, and the annual average evapotranspiration was 1694 mm. The physicochemical properties of surface soil (0–30 cm) sampled before the field experiment in April 2022 were determined according to the methods of Bao (2000): The soil type was aeolian sandy soil (91.76% sand, 7.04% silt, and 1.20% clay) according to the USDA soil classification. The soil pH was 8.62, the organic matter content was 4.67 g/kg, the available nitrogen content was 11.20 mg/kg, the available potassium content was 81.42 mg/kg, and the available phosphorus content was 2.44 mg/kg.

Air temperature and precipitation data during both crop growing seasons were obtained from the local meteorological station (Figure 1). The rainfall in the growing seasons in 2022 and 2023 were 54.5 and 56.0 mm, accounting for 82.7% and 88.9% of the annual rainfall, respectively. Besides, about 50% of the rainfalls was less than 5 mm and could not be used by crops. There was no significant difference in the monthly average temperature between the two alfalfa growing seasons, with the lowest average temperature in October and the highest in July.

[image: Two line graphs compare daily average temperature, reference evapotranspiration (ETr), and precipitation in 2022 and 2023. The top graph shows data for 2022, with temperature and ETr decreasing over time, while precipitation is sporadic. The bottom graph for 2023 depicts a rising trend in temperature and ETr, with occasional precipitation spikes.]
Figure 1 | Precipitation, daily mean temperature, and reference evapotranspiration (ETr) during the growing seasons of alfalfa in 2022 and 2023 in the experimental site. ETr is calculated according to the methods of Allen et al. (1998) and Yan et al. (2021).




2.2 Experimental design

Alfalfa seeds (cultivar Magna Graze 401, Canada) were sown in spring in 2022, with a sowing rate of 15 kg ha-1 and a row spacing of 20 cm. A split-plot design was adopted, with three irrigation levels as the main plots and five N application rates as the sub-plots. The irrigation rates included 375 (W1), 525 (W2), and 675 mm (W3), and the N application rates included 0 (N0), 75 (N1), 150 (N2), 225 (N3), and 300 (N4) kg ha-1. There were a total of fifteen treatments, and each treatment had three replicates. The area of each plot was 12.5 m2 (2.5 m × 5 m). The plots were separated by vertically embedded plastic films (0–60 cm) to prevent mutual influence. The subsurface drip irrigation system used in this study was composed of a water pump, a filter, a fertilizer tank, and water pipes (inner diameter: 13 mm, wall thickness: 1.5 mm). The pipe spacing was 80 cm, the buried depth was 20 cm, the flow rate was 3.6–6 L/(m·h), and the pressure was 0.06 MPa (Xiang, 2015; Zhuge et al., 2003). Irrigation was conducted every 7 days (in case of rain or extreme heat, it was delayed or advanced by 1–2 days). A water flow meter was used to control the amount of irrigation. Alfalfa stems and leaves were harvested two times in 2022. The irrigation amount from sowing to the first harvest accounted for 60% of the total irrigation amount, and that from the first harvest to the second accounted for 40%. In the second year, alfalfa stems and leaves were harvested four times, and 25% of the total irrigation amount was irrigated before each harvest (Supplementary Table S1). Urea (N: 46%) was applied through the subsurface drip irrigation system after dissolving in water. The timing of N fertilization was consistent with that in local fields. Seventy percent and thirty percent of urea were applied at 2 and 67 days after emergence (Days), respectively in 2022. In the 2023, 40%, 30%, and 30% of urea were applied at 2, 45, and 73 days after leaves turning green (days), respectively. The details for irrigation and N fertilization were shown in Supplementary Table S2. Other agricultural managements such as weeding were the same in all plots.




2.3 Sampling and measurements

At the beginning of flowering (about 10% of flowering), three sampling plots (1 m × 1 m for each) were selected in the center of each plot to harvest alfalfa stems and leaves, with a stubble height of 5 cm. After that, the fresh weight was measured. The dry matter yield was measured after drying at 75°C. Hay yield was calculated on a dry matter basis (Fan et al., 2016). The dried plant samples were crushed by a pulverizer, passed through a 0.25 mm sieve, and stored in a ziplock bag at room temperature for the determination of alfalfa quality. Alfalfa N content was determined using the Kjeldahl 8400 automatic analyzer (FOSS, Hilleroed, Denmark), and the contents of neutral detergent fiber (NDF, %) and acid detergent fiber (ADF, %) were determined by the method of Raffrenato et al. (2017). Alfalfa crude protein content (CP, %) and relative feeding value (RFV) were calculated using Equations 1, 2 (Ferreira et al., 2015).

[image: Equation showing "CP equals 6.25 times N," labeled as equation (1).]

[image: RFV equals open parenthesis 88.9 minus 0.779 times ADF close parenthesis times open parenthesis 120 divided by NDF close parenthesis divided by 1.29. Equation number 2.]

where N is the nitrogen content of alfalfa samples (%).




2.4 Crop water productivity and nitrogen use efficiency

The actual crop evapotranspiration (ETc) during the growing seasons was calculated using the method of Allen et al. (1998). Due to the arid climate, flat terrain, and deep groundwater table in the experimental site, groundwater recharge, surface runoff, and deep seepage were ignored. Then, ETc was calculated using Equation 3:

[image: Equation showing "ETc = P + I - ΔWS" with a reference number three in parentheses.]

Where P is the precipitation (mm) during the alfalfa growing season, I is the irrigation amount (mm) during the alfalfa growing season, ΔWS is the change of soil water content (soil water content at the beginning of the experiment minus that at the end of the experiment (mm)).

The WPC (kg m3) was calculated using Equation 4:

[image: Equation showing water productivity calculation: WP subscript C equals HY divided by ET subscript C.]

The irrigation water productivity (WPI, kg m3) was calculated using Equation 5:

[image: Equation depicting WP sub i equals HY divided by I. It is labeled with the number five in parentheses.]

Where HY is annual hay yield (kg ha-1), and I is the total irrigation amount (mm).

Kjeldahl method (Jung et al., 2003) was used to determine the N content in alfalfa root, stems, and leaves. Plant N accumulation was calculated as the sum of N content in each organ. The agronomic efficiency of N (AEN, kg kg-1), N use efficiency (NUE, %), physiological efficiency of N (PEN, kg kg-1 N), and partial factor productivity of N (PFPN, kg kg-1) were calculated using Equations 6–9 (Tan et al., 2017):

[image: A formula labeled as equation six represents the agronomic efficiency of nitrogen (\(AEN\)). It is calculated by subtracting the annual hay yield in a zero nitrogen plot from the annual hay yield in a nitrogen application plot, then dividing by the nitrogen rate.]

[image: Nutrient Use Efficiency (NUE) is calculated as the ratio of annual hay yield to nitrogen uptake, as shown in equation seven.]

[image: Equation for PEN (Partial Efficiency of Nitrogen) is displayed. It is calculated by dividing the difference between annual hay yields in nitrogen-application and zero-nitrogen plots by the difference in nitrogen uptake in the same plots.]

[image: Equation showing PPFN equals the annual hay yield divided by the nitrogen rate, labeled as equation nine.]




2.5 N2O collection and determination

The N2O fluxes from plants and soil were measured by static chamber-gas chromatography (GC) (Ning et al., 2020). The static chamber consisted of a chamber (50 cm × 50 cm × 100 cm) and a stainless steel base. Sponge and aluminum foil layers were covered on the walls of the chamber to reduce internal air temperature variations during sampling. The top of the stainless steel base was provided with a groove (2 cm in width and 5 cm in depth), which was sealed with water during gas collection. Inside the chamber was a fan and an electronic thermometer to measure the temperature of the air inside. Under normal circumstances, the soil greenhouse gas flux was measured every 7–10 days. If there was an abnormal temperature (extremely high temperature or extremely low temperature) during the alfalfa growing season, sampling frequency was increased. Besides, the timing of gas collection was postponed in case of heavy rainfall. The gas sampling was performed at 10: 00 - 14: 00 every day. Four gas samples were collected in 30 minutes (at 0, 10, 20, and 30 min) using a polypropylene syringe (50 mL) equipped with a nylon stopcock, and the samples were immediately transported to the laboratory for analysis using the Agilent gas chromatograph (7890A, USA). The N2O flux was calculated using Equation 10 (Kamran et al., 2022):

[image: Formula for F, given as:  \[ F = \frac{M}{V_0} \cdot H \cdot \frac{dc}{dt} \cdot \frac{273}{273 + T} \cdot \frac{P}{P_0} \]  Equation number 10.]

where F is the N2O flux (μg N m−2 h−1), M is the molar mass of the measured gas (g mol−1), H is the height of the chamber (cm), dc/dt is the linear regression slope of gas concentration at the time approaching zero, T is the average temperature in the sampling chamber (°C), P is the pressure in the sampling chamber (Pa), and V0 and P0 are the volume (mL) and pressure (Pa) at standard conditions.

The cumulative N2O emissions (kg ha−1) was calculated using Equation 11 (Afreh et al., 2018):

[image: Equation labeled (11). E sub c equals the sum from i equals one to n of F sub i plus one plus F sub i all over two multiplied by t sub i plus one minus t sub i, and the entire expression is multiplied by twenty-four.]

where EC is the cumulative N2O emissions during each growing season, F is the daily N2O flux, i is the ith measurement, (ti+1-ti) is the time interval between two adjacent samplings (days), and n is the number of observations during the growing season.

The N2O emission coefficient (EF, %) was calculated using Equation 12:

[image: EF equals the difference between N2O emissions in the N application plot and N2O emissions in the zero N plot, divided by the N rate. Equation number twelve.]




2.6 Soil moisture and inorganic nitrogen content

To determine soil moisture and inorganic N content, three soil samples (0–20 cm) were taken with an auger near the static chamber for gas collection in each plot on the same day of gas sampling. The three soil samples were mixed and used as the sample of the plot (Wang et al., 2016). The soil moisture content was measured by weighing after drying the soil samples in an oven. The water-filled pore space (WFPS) was calculated using Equation 13 (Zhang et al., 2020):

[image: The formula for Water-Filled Pore Space (WFPS) percentage is shown as: WFPS (%) equals the product of soil moisture content percentage and soil bulk density, divided by the expression in parentheses of one minus the fraction of soil bulk density over 2.65, all multiplied by 100.]

The NH4+-N and NO3–N in the soil were extracted with 2 mol L−1 KCl (soil: KCl solution = 1: 5), and their contents were measured by colorimetry using a spectrophotometer (UV-2102 PCS, Shanghai Spectrometer Co., Ltd., Shanghai, China) (Wang et al., 2015).




2.7 Data analysis

SPSS 18.0 (IBM Corp, USA) was used for ANOVA. Tukey’s test was used to test the significance of differences in the means between treatments at p< 0.05 and p< 0.01. The direct and indirect effects of N rates and irrigation rates on N2O emissions, alfalfa NUE, WPc, yield, and quality were evaluated using a structural equation model (SEM) using the “lavaan” package in R software version 4.0.0 (R Core Team, 2020; Rosseel, 2012). The SEM was constructed based on the following assumptions: (1) Increasing the N rate might increase the N2O emission coefficient and the N2O emissions, and reduce the NUE. (2) Optimal irrigation rate and N rate could significantly improve alfalfa WPC, yield, and quality. The relative chi-square (χ2/df), comparative fit index (CFI), root mean square error of approximation (RMSEA), standardized root mean square residual (SRMR), Akaike information criterion (AIC), and Bayesian information criterion (BIC) were used to assess the degree of fit (Kline, 2005). Figures were drawn using Excel 2016 (Microsoft Corp, USA) and Origin 8.0 (Origin Lab Corp, USA).





3 Results



3.1 Alfalfa yield and quality

Alfalfa yield increased with the increase of irrigation rate in the two years, but there was no significant difference between W2 and W3 levels. Increasing the N rate from 0 to 225 kg N ha-1 resulted in a significant increase in alfalfa yield, but further increasing the N rate did not increase yield. The W2N2 treatment had the highest yield in 2022. In 2023, the W3N2 treatment had the highest yield, but there was no difference between W2N2, W2N3, W3N3, and W3N2 treatments (Tables 1, 2).

Table 1 | Effects of irrigation (W) and nitrogen (N) interaction on yield, crude protein content (CP), relative feeding value (RFV), neutral detergent fiber (NDF) content, and acid detergent fiber (ADF) content of alfalfa in 2022 and 2023.


[image: A detailed table presents data on hay yield, crude protein, relative feed value, neutral detergent fiber, and acid detergent fiber from 2022 and 2023. It includes various treatment combinations for irrigation and nitrogen application rates. Values are shown as means with standard deviations, and significant differences are indicated by different lowercase letters. Treatment codes and data variations are explained in a footer.]
Table 2 | Effects of irrigation (W) and nitrogen (N) treatments on yield, crude protein content (CP), relative feeding value (RFV), neutral detergent fiber (NDF) content, and acid detergent fiber (ADF) content of alfalfa in 2022 and 2023.


[image: Table displaying agricultural data for the years 2022 and 2023 under different treatments (W1, W2, W3, N0, N1, N2, N3, N4). Columns include hay yield (t/ha), crude protein (%), relative feed value (%), neutral detergent fiber (%), and acid detergent fiber (%). Data is presented as mean ± standard deviation, with lowercase letters indicating significant differences based on Tukey's test. Treatment abbreviations correspond to those used in a related Table 1.]
The CP content increased with the increase of irrigation rate in the two years, but there was no significant difference between W2 and W3 levels. The CP content of alfalfa increased significantly from N0 to N3, but decreased significantly from N3 to N4. The average CP content of the N2 treatment was the highest, which was 24% and 18% higher than that of N0 treatment in 2022 and 2023, respectively. The W2N2 treatment had the highest CP content in 2022. In 2023, the W2N3 and W3N2 treatment had the highest CP content. The W1N0 and W3N4 treatment had the lowest CP content in both years (Tables 1, 2).

The RFV value gradually decreased with the increase of irrigation rate in the two years, and the average annual RFV value was the highest at W1 level, which was 15%-17% higher than the lowest value at W3 level. The RFV value decreased with the increase of N rate. The N0 treatment had the highest RFV value, which was 25%-27% higher than the lowest value of the N4 treatment. The W1N0 treatment had the highest RFV value, and the W3N4 treatment had the lowest RFV value (Tables 1, 2).

The average NDF and ADF contents were the highest at W3 level in the two years, which increased by 12% and 8%-14%, respectively compared with those at W1 treatment. With the increase of N rate, the NDF and ADF increased linearly, and the NDF and ADF contents of the N4 treatment increased by 15% - 17% and 24% - 27%, respectively compared with those of the N0 treatment in the two years. The W3N4 treatment had the highest NDF and ADF contents, and the W1N0 treatment had the lowest NDF and ADF contents (Tables 1, 2).




3.2 Crop water productivity and nitrogen use efficiency

The ETC increased with the increase of irrigation rate in the two years, and the ETC at W3 level significantly increased by 73% and 84% in 2022 and 2023, respectively compared with that at W1 level. The WPC and WPI at W1 and W2 level significantly increased compared with those at W3 level. The WPI and WPC of the N2 and N3 treatments were the highest, and there was no difference between N2 and N3 treatments. Besides, the WPC and WPI of the N2 treatment increased by 13% – 33% and 15% – 38%, respectively compared with those of the N0 treatment. The W1N3 treatment had the highest WPC and WPI (Tables 3, 4).

Table 3 | Effects of irrigation (W) and nitrogen (N) interaction on evapotranspiration (ETC), crop water productivity (WPC), irrigation water productivity (WPI), nitrogen agronomic efficiency (AEN), nitrogen use efficiency (NUE), nitrogen physiological efficiency (PEN) and partial factor productivity of nitrogen (PFPN) of alfalfa in 2022 and 2023.


[image: A table showing the effects of different treatments on various parameters over the years 2022 and 2023. Parameters include ETc, crop water productivity, irrigation water productivity, agronomic efficiency of nitrogen, nitrogen use efficiency, physiological efficiency of nitrogen, and partial factor productivity of nitrogen. Results are shown for three different water treatments (W1, W2, W3) and nitrogen levels (N0, N1, N2, N3, N4) across both years. Statistical significance is indicated by different letters with standard deviations provided. Data classification for variation sources is at the bottom.]
Table 4 | Effects of irrigation (W) and nitrogen (N) treatments on evapotranspiration (ETC), crop water productivity (WPC), irrigation water productivity (WPI), nitrogen agronomic efficiency (AEN), nitrogen use efficiency (NUE), nitrogen physiological efficiency (PEN) and partial factor productivity of nitrogen (PFPN) of alfalfa in 2022 and 2023.


[image: A table comparing various agricultural metrics for treatments over two years, 2022 and 2023. The columns list ETₐ (mm), crop water productivity, irrigation water productivity, agronomic efficiency of nitrogen, nitrogen use efficiency, physiological efficiency of nitrogen, and partial factor productivity of nitrogen. Each entry includes a mean with a standard deviation. Treatment types are labeled as W1, W2, etc. Data note significant differences through Tukey's test, with different lowercase letters indicating these variations.]
In both years, the PFPN at W2 level significantly increased by 8%-34% compared with that at W1 level, but there was no difference between W3 and W1 levels. In both years, the AEN, NUE, PEN, and PFPN significantly reduced with the increase of N rate. The average AEN, NUE, PEN, and PFPN of the N4 treatment decreased by 85%, 21%, 64%, and 76%, respectively compared with those of the N0 treatment. The W3N1 treatment had the highest PFPN, and there was no difference between W3N1 and W2N1 treatment. The W1N1 treatment had the highest NUE (Tables 3, 4).




3.3 N2O emissions, soil moisture content, and inorganic nitrogen content

In 2022, N2O flux peaks were observed at 14 and 74 days (12 and 7 days after N topdressing, respectively). In 2023, N2O flux peaks were observed at 14, 52, and 80 days (12, 7, and 7 days after the first, second, and third N topdressing). In the later stages of crop growth, irrigation and N treatments had little effect on N2O flux (Figure 2).

[image: Six line graphs display N₂O fluxes (micrograms per square meter per hour) for different treatments labeled W1N0 to W3N4. The x-axes represent days after emergence in 2022 and days after leaves turning green in 2023. Data points show varying flux levels, with several peaks throughout. Each graph includes a legend. Arrows indicate specific time points.]
Figure 2 | Effects of irrigation (W) and nitrogen (N) treatments on N2O fluxes during the alfalfa growing seasons in 2022 and 2023. Error bars represent standard deviation (SD). The red arrows indicate fertilization events. W1, W2, and W3 represent irrigation rates of 375, 525, and 675 mm, respectively, and N0, N1, N2, N3, and N4 represent nitrogen application rates of 0, 75, 150, 225, and 300 kg ha-1, respectively.

Irrigation (W), N fertilization (N), and their interaction (W × N) had significant effects on the cumulative N2O emissions. With the increase of irrigation and N rates, the cumulative N2O emissions showed an increasing trend. In 2022 and 2023, the cumulative N2O emissions at W3 level increased by 82% and 106%, respectively compared with that at W1 level, and the cumulative N2O emissions of the N4 treatment increased by 192% and 153%, respectively compared with that of the N0 treatment (Figure 3). The W3N4 treatment had the highest cumulative N2O emissions, and the W1N0 treatment had the lowest cumulative N2O emissions (Figure 3). The change of N2O emission coefficient was similar to that of the cumulative N2O emissions in the two years. The W3N4 treatment had the highest N2O emission coefficient.

[image: Bar charts comparing cumulative N₂O emissions in kilograms per hectare across various treatments, irrigation rates, and nitrogen rates for the years 2022 and 2023. Each panel indicates statistical significance with p-values under .01 or .05. Different letters mark significantly different groups.]
Figure 3 | Effects of irrigation (W) and nitrogen (N) treatments on the cumulative N2O emissions during the alfalfa growing seasons in 2022 and 2023. Different lowercase letters indicate significant differences between treatments at p< 0.05 (Tukey’s test). The treatment abbreviations are the same as those in Figure 2.

In the two years, irrigation and N fertilization had no significant effect on WFPS values due to the short irrigation interval. However, the WFPS value increased with the increase of irrigation rate, and the WFPS value of the N1 treatment decreased compared with that of the N0 treatment at each irrigation level (Supplementary Figure S1).

Soil inorganic N content showed similar dynamics in the two years. In 2022 and 2023, the content of NH4+-N ranged from 2.2 to 4.0 mg kg-1 and the content of NO3–N ranged from 2.5 to 7.5 mg kg-1 in the surface soil (Supplementary Figure S2, S3). Nitrogen application increased soil inorganic N contents compared with N0 treatment. Peaks in NO3–N content was observed during 10–17 and 71–77 days for all treatments in the first year, and during 10-17, 49-55, and 77–83 days in the second year (Supplementary Figure S3). The NO3–N content was maintained at a high level under W3N4 treatment, and the irrigation treatment alone had no significant effect on the contents of NH4+-N and NO3–N. soil N2O flux was significantly positively correlated with WFPS, NH4+-N content, and NO3–N content during the two growing seasons (Supplementary Figure S4).




3.4 Pearson correlation analysis and structural equation modeling results

Most of the NUE indicators including AEN, NUE, PEN, and PFPN were positively correlated with RFV, WPC, and WPI, and negatively correlated with ADF, RDF, N2O flux, and N2O emission coefficient (Figure 4). Alfalfa yield was significantly positively correlated with CP, ETC, and N2O emission coefficient.

[image: Correlation heatmap with variables like hay yield, crude protein, and N₂O fluxes. The color scale from dark green (positive correlation) to dark red (negative correlation) indicates strength and direction of relationships. Stars denote significance levels.]
Figure 4 | Correlation analysis of alfalfa yield, crude protein (CP), relative feeding value (RFV), acid detergent fiber (ADF), neutral detergent fiber (NDF), evapotranspiration (ETC), crop water productivity (WPC), irrigation water productivity (WPI), nitrogen agronomic efficiency (AEN), nitrogen use efficiency (NUE), nitrogen physiological efficiency (PEN), partial factor productivity of nitrogen (PFPN), N2O flux, and N2O emission coefficient. Red and blue represent negative and positive correlations, respectively. *p< 0.05; **p< 0.01; ***p< 0.001.

The SEM model showed that increasing N rate resulted in an increase in N2O emissions and a decrease in NUE, with factor loading of 0.66 and -0.92, respectively (p< 0.01). In addition, irrigation and N fertilization significantly increased CP content, yield, and WPC, with factor loading of 0.71, 0.54, and 0.92, respectively (p< 0.01). Overall, the results supported the hypothesis of the model, that is moderately reducing irrigation and N application rates may maximize water and nutrient use efficiency and alfalfa yields while reducing the N2O emissions. (Figure 5).

[image: Diagram showing the effects of nitrogen application rates and irrigation volume on plant growth elements. Arrows indicate relationships between N₂O fluxes, N₂O emission factor, N use efficiency, crude protein, hay yield, and crop water productivity, with numeric values representing strength of effects. A small plant with soil and roots is in the center. Statistical values like χ²/df, CFI, SRMR, RMSEA, AIC, and BIC are listed on the right.]
Figure 5 | Structural equation modeling (SEM) for the effects of irrigation rate and nitrogen application rate on N2O emissions, N2O emission coefficients, nitrogen use efficiency, crop water productivity, yield, and crude protein content. The numbers adjacent to the arrows are the factor loading, which explains the variance of the observed variable, and the width of the line is proportional to the factor loading. The red and blue lines indicate negative and positive effects, respectively. Critical paths are marked with *.





4 Discussion

Nitrous oxide emissions from farmland are affected by multiple factors, such as climatic factors, soil properties, and agricultural managements (Akiyama et al., 2009; Cai and Akiyama, 2017). The results of this study showed that there were different N2O flux peaks in each growing season. This is directly related to the increase of soil NO3− (2.5-7.5 mg N kg-1) after N fertilization. Interestingly, the first peak N2O flux occurred 12 days after the first N topdressing in the two years, and another peaks occurred 7 days after the second and third N topdressing. This may be related to the temperature change during the growing season. The increase in temperature during the second and third N topdressing can enhance the respiration of microorganisms, causing soil oxygen deficit. Denitrifying microorganisms utilize nitrate in soil as an electron acceptor and reduce it to nitrogen through a series of enzymatic reactions, accelerating the denitrification (Braker et al., 2010; ChengHsien et al., 2020). Therefore, the peaking time of N2O flux is significantly earlier than that after N application in spring. In addition, after N topdressing, the sufficient soil inorganic N, particularly nitrate nitrogen, provides more substrates for denitrifying microorganisms, accelerating the denitrification. This may also be an important reason for the early appearance of peak N2O flux (Millar et al., 2018; Schellenberg et al., 2012). It was also found that after the fourth harvest at 106 days in the second year, no significant N2O fluxes were observed after irrigation alone. This may be due to the fact that the substrates such as organic carbon and nitrogen in the soil are diluted or lost, resulting in insufficient substrates for microorganisms. This limits the growth and metabolism of microorganisms, and reduces their activities (Li et al., 2020). In this study, irrigation combined with N fertilization caused higher N2O emissions than irrigation alone. This may be due to the fact that high soil moisture content hinders gas diffusion, and causes an anaerobic soil environment. This makes the metabolic activities of denitrifying microorganisms more active, and increases soil denitrification potential and rate, i.e., reducing nitrate nitrogen to gaseous nitrogen more quickly, thus increasing N2O emissions (Sainju et al., 2012). In this study, compared with high irrigation rate W3 (675 mm), the irrigation rate 375–525 mm was more conducive to improving soil permeability and microbial environment, thereby inhibiting denitrification and reducing N2O emissions (Abalos et al., 2014). High N application rates resulted in higher accumulative N2O emissions and higher N2O emission coefficients than other nitrogen application rate treatments in this study. This may be due to the fact that most of the applied N could not be absorbed and utilized by alfalfa, and the N residues in soil are used by soil microorganisms for nitrification and denitrification (Liu et al., 2017; Lyu et al., 2019), thereby increasing N2O emissions. It was found that when the N application rate was increased to 300 kg N ha-1, the two-year average N2O emission coefficient increased to 5% compared with that of the N1 treatment. Therefore, reducing the N application rate is an effective way to reduce the N2O emission in alfalfa planting, and N2 may be the optimal N rate because the two-year average N2O emissions of the N2 treatment could be significantly reduced by 63% compared with that of the N4 treatment.

Soil inorganic N is the main source of microbial N2O production (Millar et al., 2018; Xiao et al., 2018). This study results showed that the N2O flux peak was significantly enhanced after irrigation combined with N fertilization, and the soil NO3–N content was high during N2O flux peaks, and the high soil NO3–N content lasted for about two weeks after N topdressing. This result was validated by the correlation analysis results, that is, there was a significant positive correlation between N2O fluxes and NO3–N (R2 = 0.82)/NH4+-N (R2 = 0.21) content.

Optimizing WPC is one of the focus of this study. It can be achieved by reducing ETC and increasing alfalfa yield (Li et al., 2019). In this study, the WPC at W3 level was lower than that at W1 and W2 levels. This may be due to the increased soil ETC and percolation (Table 4) (Li et al., 2019; Cai et al., 2020). Besides, it was found that the effect of N application rates on ETC was not significant, but the N application rate of 150–225 kg N ha-1 significantly increased alfalfa yield, so both WPC and WPI can be maximized. In 2023, at different irrigation levels, NAE increased significantly with the increase of irrigation rate, while NUE showed a downward trend. This may be due to the fact that under drought conditions, irrigation promotes alfalfa growth, and NAE continues to rise due to the release of yield potential. However, after exceeding the optimal irrigation rate, NUE decreases due to nitrogen losses through leaching and denitrification. This contradiction highlights the importance of water-nitrogen coupling optimization in alfalfa planting. The PFPN, AEN, NUE, and NP of the N4 treatment decreased compared with those of the N1 treatment. This is mainly due to that the imbalance between alfalfa N requirement and N supply (Liu et al., 2015) inhibits the growth and development of alfalfa roots, reduces the uptake of nutrients and water, and ultimately affects alfalfa yield (Islam et al., 2012). Therefore, the N application rate of 75–225 kg ha-1 is more conducive to promoting root development and root activity, regulate the distribution of photo assimilates in plant shoots, and effectively improve alfalfa resource use efficiency and yield, compared with other N application rates (Vasileva and Pachev, 2015). Mumford et al. (2019) reported that N2O emissions from dry farmlands are an important pathway for N loss and the main cause of low NUE. This is confirmed by the negative correlation between N2O emissions and NUE in this study (Figure 4). In conclusion, both over irrigation and over N application could affect alfalfa WPC and NUE, and the optimal irrigation(W2, 525 mm) and N application rates(N2/N3, 150–225 kg ha-1) could achieve high resource use efficiency.

In arid and semi-arid regions, irrigation and fertilization are the main determinants of forage yield and quality (Djaman et al., 2020). The results of this study showed that the rainfalls during the growing season of alfalfa in 2022 (54.5 mm) and 2023 (56.0 mm) were low, and increasing the irrigation rate significantly increased alfalfa yield. This is due to that sufficient water and nutrient supply improves alfalfa leaf photosynthesis, thus increasing alfalfa biomass (Ferreira et al., 2015; Li and Su, 2017). However, the subsurface drip irrigation can reduce water evaporation, so the irrigation rate W2 is sufficient to meet the water needs of crop growth, and further increasing the irrigation rate has no significant effect on alfalfa yield.

The nutritional quality of forage determines the value in use and value in exchange, because it affects the digestion of forage, the energy and nutrient absorption by livestock, and ultimately the yield and quality of livestock products (Richman et al., 2015). Crude protein content (CP), relative feed value (RFV), neutral detergent fiber (NDF), and acidic detergent fiber (ADF) are important indicators to measure the nutritional quality of forage (McDonald et al., 2021). In this study, the change trend of CP content with irrigation rate was similar to that of yield, while the contents of NDF and ADF increased significantly at W3 level compared with those at W1 and W2 levels. This may be due to that over irrigation accelerates crop maturation, reduces CP content, and increases cell wall contents and fiber count (Liu et al., 2021). Compared with the N0 treatment, applying 150–225 kg ha-1 of N fertilizer significantly improved alfalfa yield, CP content, and RFV. However, further increasing N application rate led to a decrease in alfalfa yield, CP content, and RFV. This may be due to that the soil available N content is low (11.2 mg kg−1) at the experimental site. N application can increase the chlorophyll content and photosynthetic capacity of leaves, which increases the dry matter yield and the synthesis of amino acids, thus improving the protein content of alfalfa (Gao et al., 2020). However, excessive N inputs can affect nodulation and N fixation, but can also be counterproductive to crop growth (Xie et al., 2015; Reinprecht et al., 2020).

According to recent survey, most farmers in the experimental site applied 450 kg ha-1 of N to pursue high yield. This adversely affects alfalfa quality, resource utilization, and environmental health (Fan et al., 2016; Sha et al., 2021). When assessing the feasibility of agricultural managements such as irrigation and N fertilization, it is important to consider not only their impacts on crop yields, but also their impacts on the environment (Tan et al., 2017; Zhang et al., 2022). In general, the irrigation rate of 525 mm combined with the N application rate of 150–225 kg N ha-1 could increase alfalfa yield, quality, and resource use efficiency, while reducing N2O emissions. Thus, it is the optimal combination for local alfalfa planting under subsurface drip irrigation.




5 Conclusion

The cumulative N2O emissions showed an increasing trend with the increase of irrigation and N application rates. High cumulative N2O emissions are an important reason for the low NUE. The irrigation rate of 525 mm and the N application rate of 150–225 kg ha-1 could significantly improve the yield and quality of alfalfa compared with the over irrigation(W3, 675 mm) and over N fertilization(N4, 300 kg ha-1) by local farmers. However, further increasing the irrigation and N application rates could not further increase the yield and quality of alfalfa, but caused an increase in N2O emissions and a decrease in WPC and NUE. This may cause serious resource waste and environmental pollution. However, rainfall and soil texture are different in different arid regions. This may significantly affect the relationship between resource use and greenhouse gas emissions during the growing season of alfalfa. Therefore, it is necessary to clarify the response of resource use efficiency to climate change under different precipitations and soil types in the future, to further optimize irrigation and fertilization strategies.
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Bulk density (kg dm™) 1.39
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days Treatment gsw (mol m E (mmol m ymidday (MPa)

Cc 0.199 +0.01 4.97 + 0.20 -0.58 + 0.03

1 Ry 0.107 £0.01 2.69 £0.22 -0.56 + 0.02
Significance I ArE AR [ ns

c 0.191 £ 0.01 4.66 + 0.28 -0.54 £ 0.03

2 Ry 0.122 +0.01 3.30+0.12 -0.58 + 0.04
Significance s s ns

C 0.187 £ 0.01 557 £0.17 -0.64 + 0.05

5 Ry 0.169 £ 0.01 574 £ 0.30 -0.73 £ 0.02
Significance ns ns ns

Cc 0.187 £ 0.01 472+ 0.17 -0.68 + 0.02

7 Ry 0.161 +0.01 4.26 £ 0.23 -0.66 + 0.04

2 Ry 0.065 1.99 + 0.16 -0.75 £ 0.05
Significance C vs. R ¢ - ns ns
Significance C vs. R i o o ns

o} 0.185 £ 0.01 4.04 £0.22 -0.57 = 0.03

12 Ry 0.150 +0.01 333£020 -0.64 + 0.02

7 Ry 0.095 +0.01 2.52+0.18 -0.80 + 0.05
Significance C vs. R ¢ o * ns

Significance C vs. R 11

Asterisks denote significant differences in Wipqday gsw and E, respectively, between R; and Ry, vines compared with control vines (C) according to a One-Way ANOVA test (p< 0.05).
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Year Treatments

2019 CKR 116.4x1.7 = 71.14£2.5 ¢ 28.2+1.4% ¢ 64.242.7 59.74#3.1 ¢ 23.741.2% ¢ 75.6+4.5
NIR 117.9+14 - 74.8+3.7 ¢ 29.742.1% ¢ ‘ 59.0+4.5 62.9+4.8 ¢ 24.9+2.4% ¢ 70.9+6.2

N2R 251.7 116.1£1.5 = 84.9+2.6 d 337£1.1% d 50.7+3.7 69.4+22 d 27.6£1.1% d 66.2+2.8

NIRC 50.5+1.1 177.8+2.1 28.1+39 a 11.2+1.6% a -4.7£1.1 38.7+2.6 a 15.4+1.3% a -15.3+2.4

N2RC 44.1£0.7 176.4+2.2 40.2+22 b 15.9+0.8% b -9.0+2.2 45.0+4.0 b 17.842.0% b -13.845.4
2020 CKR 125.4%1.2 - 97.2+49 b 40.1£2.1% b 19.8%5.6 113.8+3.69b  46.9+2.0% b 32405
I NIR 126.7+1.0 = 99.4+3.8 b 41.0£1.6% b » 16.3+3.2 111.84#3.56b  46.1x1.9% b 3.9+0.8
N2R 2424 125.9£1.3 = 96.3+3.4 b 39.7£1.8% b 20.2+2.6 121.5¢7.7 b 50.1£1.9% b -5+1.2

NIRC 56.5+1.2 192.40.7 59.0+5.8 a 24.3+2.5% a -65.5+4.3 92.845.9 a 38.3+2.0% a -99.3+5.8

N2RC 66.2£0.9 202.8+2.3 51.1#35a 21.1£1.5% a -77.74£2.0 97.5¢7.3 a 40.2+3.9% a -124.1£9.5

2021 CKR 165.0£0.9 = 74.6+4.0 b 314422% b -1.740.2 79.7+4.4 b 33.542.4% b -6.8+1.0
NIR 164.70.6 o 81.7£5.0 b 343+2.8% b -8.5+2.5 75.8+4.2 b 31.842.3% b -2.6+0.4

N2R 2379 165.1+0.9 = 93.5+4.4 ¢ 49.3+1.9% ¢ -20.745.3 110.4£9.3 ¢ 46.4+5.1% ¢ -37.6+8.3

NIRC 65.4+1.1 241.846.9 30.3+7.3 a 12.7+£32% a -99.6+8.9 39.8+3.5a 16.7£1.9% a -109.1+4.6

N2RC 62.9+1.6 238.743.8 249+35a 10.4+1.5% a -88.616.8 43.5%3.5a 18.3+1.9% a -107.2+7.3

R, rainfall(mm); E, soil evaporation(mm); T, crop transpiration; Dy, water drainage below 100cm soil profile; Dygo, water drainage below 180cm soil profiles A W, soil-water storage change,

AW=

D. Values followed by different letters are significantly different at P < 0.05.
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Values followed by different letters are significantly different at P < 0.05.
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0-20 54 10.4 L5 0.019 0.003
20-40 5.5 10.4 0.7 0.013 0.002
40-90 54 10.4 0.2 0.005 0.003
90-120 56 10.4 0 0 0.002
120-160 23 10.4 0 0 0.001
160-180 24 10.4 0 0 0.001

Dy, longitudinal dispersivity; Do, molecular diffusion coefficient in free water;

Kymin» mineralization rater constant; Kj,,, immobilization rate constant;

Kien denitrification rate constant. ® Zero-order kinetics.” First-order kinetics.
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Treatm:

CKR 374.2+6.8 ‘ 449.1%3.0 74.946.6 455.8+6.8 491.6%11.3 35.847.4

NIR 373.145.4 ‘ 445.445.2 72.319.5 458.2+8.6 490.46.9 32.2+4.4

N2R 376.619.2 ‘ 440.845.7 64.2+4.0 461.9%12.5 487.9£8.0 26.0+2.9

NIRC 383.246.9 ‘ 363.7+8.9 -19.545.5 486.917.6 411.8+11.9 -75.146.3
N2RC 379.5+10.7 ‘ 361.9+6.8 -17.6£5.9 497.8+4.1 397.6+8.6 -100.2+8.6

Wi soil-water storage before sweet corn transplantation; W,,q, soil-water storage after end of sweet corn harvest;
AW, soil-water storage change; AW= Wepg - Wi,

450.9+6.3

451.747.2

454.5%6.1

461.8+8.9

459.1£11.2

470.7£9.5

471.0£6.9

468.317.6

347.548.5

343.4+10.1

19.8+8.2

19.3+3.2

13.8+6.7

-114.3£7.7

-115.7+£8.8
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Year Treatments oib Iniat Nmin end N balanc
2019 CKR 920.9+18.4 o 73224310 ¢ 188.7£10.4 a
NIR 1205.7+432 - 979.1487.8 cd 226.656.3 ab

N2R 1468.1+21.4 - 1170.5+46.6 d 297.6+43.5 b

NIRC 1150.8+83.1 1429+9.3 811.077.1 ¢ 1969510 a

N2RC 1333.7465.3 153.6+8.9 973.3+66.0 cd 2068219 a

2020 CKR 829.7+14.2 - 7359+7.8 b 93.8+8.2 a
NIR 1099.5£73.2 - 826.3£78.7 ¢ 273.2426.4 od

N2R 1372.0+49.5 - 1053.6+66.4 d 318.4+38.4 d

NIRC 1091.6+58.9 169.6+8.1 753.5+39.7 b 168.5+30.8 b

N2RC 1194.8434.2 176.6+17.3 770.4+48.6 cd 247.8439.0 ¢

2021 CKR 767.245.9 - 733.6£5.8 b 336597 a
NIR 955.9+29.3 - 764.79.4 b 19124187 ¢

N2R 1277.7£25.7 - 1035.8+46.4 ¢ 2419325 d

NIRC 972.6+67.2 181.7£10.8 679.6£60.2 a 111.3+4.6 b

N2RC 1021.4+36.8 189.0£15.0 663.3£11.0 b 169.1£19.9 ¢

Nunin, mineral nitrogen(the sum of NH;"+NO3"); Niin initiabS0il Nimin before sweet corn transplantation; Neyop,N uptake by sweet corn aboveground; Ny ends 50il Ny after end of sweet corn
harvest; N balance = N
min inital” Nerop™ Ninin ena. Values followed by different letters are significantly different at P < 0.05.
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CKR N2R NiR

RMSE = NSE RMSE | NSE d RMSE = NSE
Water content 0-30 0.07 | -020 0.79 007 | -022 076 0.06 | -021 | 077 006 | -025 078 006  -032 072
30-60 0.06 034 0.82 0.05 033 080 0.05 032 | 082 0.04 035 | 083 0.05 038 079

60-100 0.04 072 0.81 0.03 069 085 0.03 0.64 | 085 0.02 077 | 092 0.02 069 086

100-140 0.04 I 0.79 0.90 0.01 0.82 0.89 0.01 0.80 0.88 0.01 0.86 0.95 0.02 082 091
140-180 0.03 0.84 0.92 0.01 0.85 0.92 0.01 0.84 0.93 0.01 0.87 0.95 0.01 0.85  0.93
‘ NO;™-N concentration 0-30 1102 -035  0.59 1241 036 061 1196  -032  0.60 1295  -037  0.64 1247  -048 044
30-60 10.04  -0.07  0.62 1195  -009 073 11.61 | -008 072 1206 -0.12 077 1169 -029 059
60-100 1121 038 071 1098 = 031 074 1024 = 033 073 10.14 034 0.79 1165 042 068
100-140 9.56 0.47 0.78 9.64 0.40 0.77 9.25 0.41 0.75 8.69 0.41 0.76 8.32 049 071

140-180 7.25 0.45 0.77 7.53 0.43 0.79 7.31 0.50 0.77 6.61 047 0.80 7.19 053 076
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Particle

Soil Fraction (%) Texture
layer(cm) (USDA)
Sand Silt Clay

0-20 138 40.1 464 135 Loam 0.0473 0.3994 0.0141 15776 2328
20-60 156 456 | 433 111 Loam 0.0445 03839 0.0151 1.5323 18.12
60-80 1.59 36.4 52.1 11.5 Silt loam 0.0386 0.3993 0.0153 1.4446 14.38
80-100 154 449 | 426 125 silt loam 0.0423 03862 0.0125 1.5273 2745
100-150 1.63 39.7 82 21 Loam 0.0476 0.3853 0.0105 1.4633 16.52
150-180 1.64 452 424 124 Loam 0.0485 0.3816 0.0122 15714 14.71

Bd is bulk density; 6,is the residual water content; 6; is the saturated water content;  is the inverse of the air-entry value; 7 is a pore size distribution index; K; is the saturated hydraulic
conductivity; the pore-connectivity parameter I in the hydraulic conductivity function was 0.5 as an average for many soils.
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Treatment

2022

1st crop

Irrigation volume (520 mm)
Irrigation volume (880 mm)
Irrigation volume (1200 mm)

Nitrogen topdressing rate (kg ha™")

312

528

720

94.5

2ndcrop  Total 3rd crop
208 520 130 130 130

352 ‘ 880 ‘ 220 220 220

480 ‘ 1200 300 300

405 40.50 4050

130
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Treatment

3rd crop
FI-8 0.36b 0.48bc 0.51bc 0.58b 0.62bc 0.71a
FI-12 0.36b 0.51bc 0.53abc 0.56b 0.60b 0.65bc
SI5 0.41ab 045¢ 0.47¢ 0.58b 0.63bc 0.68ab
I8 0.44a 0.50bc 0.51bc 0.5 0.62bc 0.62¢
DI-5 045a 0.56a 0.58a 0.65 0.66ab 054d
DI-8 045a 0.54ab | 0.563b 0.61ab 069 055d

Different lowercase letters indicate significant difference between treatments at p< 0.05.
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Year  Treatment TNA SNA NUE NHI

2022 FI-8 210.75d 346.29a 28.81d 0.15ab
FI-12 262.71c 351.58a 32.45c¢ 0.15a
SI-5 282.95bc 349.71a 33.55¢ 0.16a
SI-8 291.78bc 362.71a 35.00bc 0.15a
DI-5 313.29ab ‘ 376.76a 38.31ab 0.13¢
DI-8 336.66a 373.66a 40.54a 0.14bc
2023 FI-8 315.62d 348.37a 34.59d 0.16a
FI-12 366.69b 360.14a 41.50c 0.15ab
SI-5 348.49bc 352.01a 40.30c 0.15ab
SI-8 390.04ab ‘ 365.39a 44.66bc 0.15ab
DI-5 419.40a 411.00a 47.84ab 0.14b
DI-8 432.69a 418.01a 49.76a 0.14ab
Mean FI-8 263.19d 347.33b 31.70d 0.15ab
FI-12 314.70c ‘ 355.86b 36.98¢ 0.15ab
SI-5 315.72¢ 350.86b 36.92¢ 0.16a
SI-8 340.91bc 364.05ab 39.83bc 0.15ab
DI-5 366.34ab V 393.88a 43.08ab V 0.14b
DI-8 384.67a 395.84a 45.15a 0.14b
ANOVA | Y e NS e NS
M * ot ot ot
YxM ot otk ot ot

Different lowercase letters indicate significant difference between treatments at p< 0.05. *p<
0.05; **p< 0.01; **p< 0.001, NS, p > 0.05.
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Water consumption (mm)

Dry matter yield T

Treatment

(kg ha) (mm) gt crop Ratio (%) Ratio (%)
2022 FI-8 6544.00¢ 94727b | 262.05b 27.66b 205.15b 21.66b 691e
FI-12 7296.13bc 1238202 341352 27.57b 286.94a 23.17b 5.92f
SI-5 7624.98b 297.53¢ | 171.27¢ 57.56a 120.22¢ 40.41a 25.50b
SI-8 7968.23ab 919.62b | 262.77b 28.57b 207.51b 22.56b 8.73d
DI-5 8693.31a 561.25¢ | 174.09¢ 31.02b 117.38¢ 20.91b 15.53
DI-8 8875.16a 909.31b | 260.45b 28.64b 205.50b 22.60b 9.76¢
2023 FI-8 7856.69c 921.04b | 256.86b 27.89ab 209.56b 2275 8.52¢
FI-12 9331.38b 1253692 33092a 26.40b 284,53 22.70ab 7.44f
SI-5 9159.78b 559.84c | 167.53¢ 29.92a 115.04c 20.55bc 16.37b
SI-8 10167.02ab 92027b | 260.15b 28.27ab 205.69b 22.35abc 11.04d
DI-5 10853.70a 56584c | 166.18¢ 29.37a 115.79¢ 20.46¢ 19.19
DI-8 10892.99 917.52b | 255.78b 27.88ab 205.20b 22.36abe 11.86¢
Mean FI-8 7200.35¢ 934.15b | 259.45b 27.78bc 207.35b 22.20b 7.71d
FI-12 8313.75b 1245942 336.14a 26.98¢ 285.74a 22.93b 6.68d
SI-5 8392.38b 42868d | 169.40¢ 43.74a 117.63¢ 30.48a 2094a
SI-8 9067.62ab 919.95b | 261.46b 28.42bc 206.60b 22.46b 9.88¢
DI-5 9773.50a 563.55¢ | 170.14c 30.19b 116.58¢ 20.69b 17.36b
DI-8 9884.08a 91341b  258.11b 28.26bc 205.35b 22.48b 10.81¢
ANOVA | Y NS NS NS NS NS NS
M o . . . . - .
YxM NS - NS NS NS NS o

Ratio, the ratio of the water consumption in each crop to the total ET. Different lowercase letters indicate significant difference between treatments at p< 0.05.
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CA(%) = [(8C + 1000) x R x 100] /[(3"C + 1000) x R + 100
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Ecological benefits

Economic benefits (CNYsha™)

(kgsha™)
Treatments Agricultural capital investment Film recycling and treating
Labor . . Production Suvface ves!dual
Mulch Water Other Film Film value film quality
and electricity recycling treating
wi | PE 945 632 14205 | 2250 450 150 39622 £ 587 20991 + 587 a 189+ 008b 1295
w1 Bl 1575 632 14205 | 2400 0 0 34814 £ 418 b 16002 + 448 b 2180102 0
w1 B2 1575 632 14205 | 2400 0 0 35023 £ 883 b 16212 £ 883 b 2190232 0
w2 | PE 945 812 14205 2325 450 150 38184+ 4652 19297+ 4652 198 £ 008 b 1295
w2 | B 1575 812 14205 | 2475 0 0 35425 £ 844 b 16358 + 844 b 21940202 0
w2 | B2 1575 812 14205 | 2475 0 0 35947 £ 541 b 16880 % 541 b 214£0112 0
w3 | PE 945 993 14205 | 2400 450 150 35321 £279b 16178 +279 b 2190062 1295
w3 | Bl 1575 993 14205 2625 0 0 38100 320 18702+ 3202 204+ 005b 0
wi B2 1575 993 14205 2625 0 0 38169 £ 206 2 18771+ 2062 203+003b 0
Wi PE 945 632 14205 2250 450 150 43406 + 563 a 24775+ 563 a 176 005 b 1244
wi Bl 1575 632 14205 | 2400 0 0 39512+ 654 b 20700 + 654 b 1920093 0
wi B2 1575 632 14205 | 2400 0 0 39422 £535 b 20611 £ 535 b 192007 0
w2 | PE 945 812 14205 2325 450 150 47406 + 631 a 28519+ 631 a 166 £ 0.04 b 1244
w2 | B 1575 812 14205 | 2475 0 0 44416 £ 631 b 25349 £ 631 b 1760062 0
w2 | B2 1575 812 14205 2475 0 0 44792 £ 662 b 25725+ 662 b 1750062 0
w3 | PE 945 993 14205 2400 450 150 46023 £ 649 b 26881 + 649 b 17220053 1244
w3 | Bl 1575 993 14205 2625 0 0 47521 £ 659 a 28123 + 659 ab 169 £ 005 ab 0
ws | B2 1575 993 14205 2625 0 0 47979 £ 490 a 28582 4902 1684004 b 0
Wi PE 945 632 14205 | 2250 450 150 50778 + 440 32046+ 4402 158+ 0.02b 1319
wi Bl 1575 632 14205 2400 0 0 44670 £ 624 b 25858 + 624 b 173£005a 0
w1 B2 1575 632 14205 2400 0 0 45654 +784 b 26843+ 784 b 1714006 0
w2 | PE 945 812 14205 2325 450 150 58604 £ 76 2 39717+ 766 1484003 b 1319
w2 | BL 1575 812 14205 2475 0 0 54541 2757 b 35473 £ 757 b 15420030 0
w2 | B2 1575 812 14205 2475 0 0 54829 2823 b 35761+ 823 b 153£004a 0
w3 | PE 945 993 14205 | 2400 450 150 55942 £ 810 36799 £ 810 b 14920042 1319
ws | BL 1575 993 14205 | 2625 0 0 58840 £ 762 39443 £ 7622 14920032 0
ws | B2 1575 993 14205 2625 0 0 58709 £ 832 b 39311 £ 8322 1520030 0

Different letters within a column and experimental year represent significant differences at P< 0.05.
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Original parameter Parameter calibration

: : : Rapid : . : Rapid
Model Stage geeding  Wintering P Seeding  Wintering P
" : growth Total ET . : growth Total ET
period period X period period 4
period period

MBE ~63.88 -16.87 ~71.31 ~152.06 -57.44 ~11.69 68.00 ~113
ST

RMSE 67.05 2125 78.44 157.05 60.56 18.01 8041 55.92

MBE 48.64 11022 371.60 53047 -27.59 13.65 1631 236
co

RMSE 52.57 115.17 37527 535.26 2859 1922 30.96 32.18

MBE -8.64 2546 58.50 7532 -16.76 12.98 ~10.96 -14.74
KP

RMSE 18.63 2985 77.01 82.38 2230 18.49 59.20 41.68

MBE ~26.87 —6.48 287.39 254.03 ~61.80 ~1597 1340 ~64.37
JA

RMSE 33.46 1298 296.26 263.54 65.15 2281 42,67 76.35

MBE 54.51 95.02 329.71 47925 2134 9.47 -24.73 ~36.59
1s

RMSE 60.13 10140 336.75 48223 27.06 1576 67.38 55.60

MBE -1751 24.82 ~123.10 ~115.79 -17.37 6.70 ~44.43 -55.11
GA

RMSE 25.29 2840 134.05 121.23 30.07 22.98 58,57 70.58

MBE -48.12 -3.68 54.62 283 ~60.83 -17.00 -102.10 -179.93
MT -

RMSE 149.88 1747 74.36 69.63 6227 2141 109.08 18450

MBE -10.16 36.18 -21.80 422 = - = =
FA

RMSE 19.01 41.04 57.93 29.79 = = = =

MBE 79.33 13547 242,68 45748 = = = -
TD

RMSE 89.75 139.04 251.79 46098 = = = =
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Soil water content (%)

Treatment
EGS MGS
wi PE 2294 + 0.58d 25.12 + 0.64bc 2328 + 0.78¢ 2042  0.72d
wi B1 2162 + 063 24,80 + 0.68cd 2222 + 0,93 17.84 +0.70e
wi B2 2119 +077¢ 2465  0.76d 2183 + 1.09F 17.10 + 0.97¢
w2 PE 25.10 + 0.58¢ 25,50 + 0.67ab 26.11 £ 091c 2371 £ 0.52¢
Ave;gzgf V_al;; ;;"m w2 Bl 2341 £ 0.63d : 2496 + 0.66cd 2445 + 0.94d 20.82 + 0.70d
w2 B2 2307 + 0.63d 24,89 + 0.68cd 2413 £ 0.95d 20.19 + 0.63d
w3 » PE 27.80 + 051a 25,65 + 064 29,68 + 0.79 28.06 + 0.46a
w3 B1 2572 % 045b 25.10 + 0.55bc 2747 + 0.68b 2461 + 0.4db
w3 B2 25.44 + 0.53bc 2493 £ 0.64cd 2720 + 0.81b 24.19 + 0.47bc
Source of variance
Year (¥) = P - -
Irrigation quota (1) = * * “
Mulch (M) # = B %
i & % - -
YxM * NS * *
IxM * NS * NS
YxIxM b NS * *

W1 irrigation quota: 63.6% crop evapotranspiration (ETc) (315 mm); W2 irrigation quota: 81.8% ETc (405 mm); W3 irrigation quota: 100% ETc (495 mm); PE, polyethylene film; Bl and B2,
biodegradable mulch film. WGS, Whole growth stage; EGS, Early growth stage; MGS, Middle growth stage; LGS, Late growth stage. Different letters within a column and experimental year
represent significant differences at P < 0.05. * and ** represent a significant difference at the 5 and 1% levels; NS represents no significant difference at the 5% level.
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Formula
1€0 = [(agLAT + @)/l + ay /1]
7= {ay +expla, +asf(O)]}

1(0) = (6, - 61)(6: — 6y

it =rf(6)"
1i = P, VPDA(R, - G)]™!

£(6) = (6~ 6w)(6; ~ 6)™!

1840 = LAl ™"
LAI LAT <2
LALgw=42 2<LAI<4

LAI/2 LAI>4

(1100 + by)R, 4

TI00(R, + by) P (~&3VPD)

&= by

= [1- (A7) - 6 A) (e pC) (e 7R,) !

T.-T, =¢, -c,VPD

T = e [LAIf(R,)f (VPD)f (T,)f (O)] !
S(R,) =1-exp(~R,di")
f(T)=1-d,(25-T,)2

f(VPD) = 1-d,VPD

£(6) = (6, - 6w)(6: — 6w)™!

P = (er*ry +ey)r,

= (A+7)(AY) ' pCyle - e)(R, - G)

7" = [FLADf(VPD)f Rn)] ™!
FUAID = fiLAI(LALyy) ™!
f(VPD) = fo(f, + VPD)™!

SRa) = Ry(Ryma + ) [Rumas (R + )]

r‘m =Xr;

aX* +bX +c=0
a=(A+yrr)(A+y) e VPD
b= —yrir;'yVPDA(A+y)]”!
c=~(A+y)yVPDA(A+Y)]

1; = Pa VPDIA(R, - Q)]

ag = -0.15, a, = 0.14
a, =001, a5 = 1.57
ay =-2.14, as = -8.96

%70
b =118
by = 4331

o =108
¢ =209
d, = 16138
dy=0013
dy = 0.001
e =054
e, =061

711
.00804

f=41

iginal parameter

Resource

Liet al. (2014)

Ortega-Farias et al. (2004)

Monteith (1965)

Garcia-Santos et al. (2009)

Idso (1983)

Zhao et al. (2015)

Yan et al. (2020)

Stannard (1993)

Todorovic (1999)

Corrected parameter

.32, ay = ~0.75
1.76, as = ~0.003
a;=-1,1924, as = 527

Calibrated by Figure 3

by =934
b, = 32542

=153
=062
d, = 618.96
dy = 0.0013
dy = 0.001
e =085
e =-029
fi=077
f>=0.089
fi=1171

CO, FA, MT, GA, IS, JA, KP, ST, and TD represented the Coupled surface, Farias, Monteith, Garcia-Santos, Idso, Jarvis, Katerji-Perrier, Stannard, and Todorovic canopy resistance models,
respectively. r. with different superscripts represented the canopy resistance of different models. a-fwith numerical subscripts represented the parameters in the canopy resistance models, and the
numerical subscripts represent the number of parameters required for the canopy resistance models. r,, ;, r;, and r* represented soil resistance, modified climatological resistance, leaf resistance,

and climatic resistance (sm™), respectively. 6, 6w, and 65 represented soil moisture content, wilting coefficient, and field capacity (cm*cm™), respectively. LAL qive and LAIy,y represented

effective leaf area index and maximum leaf area index (m*m™2), respectively. T, represented canopy temperature (°C). Rypa, represented maximum net radiation (W-m™). X represented the ratio
of canopy resistance to climatological resistance. - meant the 7. model did not need to calibrate. The other symbols were consistent with those shown above.
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Soil effective temperature accumulation (°C)

Treatment
WGS EGS MGS LGS
w1 PE 1945 + 105¢ 1074 + 45a 653 £ 17b 370 + 49cd
w1 Bl 1840 + 98gh 1007 + 42b 634 £ 15¢f 353 + 48f
w1 B2 1835 + 98h 1007 + 41b 632 % 15f 350 + 48f
w2 PE 1960 + 106b 1075 + 46a 659 + 17a 377 + 50b
Average value from 2021 - 2023 w2 Bl » 1859 + 98ef 1012 + 43b 640 + 14cd 360 + 48¢
w2 B2 [ 1853 + 97fg 1011 + 41b 637 + 14de 358 + 48
w3 PE 1975 + 106a 1077 + 46a 663 + 17a 385 + 502
w3 Bl 1874 + 100d 1011 + 43b 644 £ 14c 372 % 49¢
w3 B2 1870 + 99de 1012 + 43b 643 + 14c 368 + 48d
Source of variance

Year (Y) | . o ™ P

Irrigation quota (I) - * 4 %4

Mulch (M) R B o a

Y1 * NS o o

YxM o - - .

IxM NS NS NS ok

YxIxM NS NS e *h

W1 irrigation quota: 63.6% crop evapotranspiration (ETc) (315 mm); W2 irrigation quota: 81.8% ETc (405 mm); W3 irrigation quota: 100% ETc (495 mm); PE, polyethylene mulch film; Bl and
B2, biodegradable mulch film; WGS, Whole growth stage; EGS, Early growth stage; MGS, Middle growth stage; LGS, Late growth stage. Different letters within a column and experimental year
represent significant differences at P < 0.05. * and ** represent a significant difference at the 5 and 1% levels; NS represents no significant difference at the 5% level.
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Treatments Boll nur‘qlger Single boll _\iveight Seed cottog yield Yield gip
(boll:m™) (g-per™) (kg-ha™) (kg-ha™)
PE 109 £7.23a 5.60 £020a 6096 + 271 a /
w1 Bl 98 +139b 548 +0.04a 5388 + 207 b 708 + 150 b
B2 105 + 3.82 ab 516 +0.03 b 5356 + 408 b 740 + 110 a
PE 106 +352a 555+ 0.08a 5874 +215a 21+52a
2021 w2 Bl 105 +534a 520 +0.08 b 5530 + 390 b 565 +92b
B2 103 +391a 535+ 001 b 5450 + 250 b 646+ 179
PE 107 +1.02 b 507 +0.07 b 5872 + 129 a 24+64b
w3 Bl 110 £2.93 b 532+0.02a 5862 + 148 a 234+93b
B2 116 +095a 506 +0.02b 5434 £ 95 b 662+99a
PE 105+373a 591 +0.11a 6201 241 a 571+ 113a
w1 Bl 99 +3.88a 572+005b 5645 + 280 b 1128 +132a
B2 98 +2.38a 575+ 008 b 5632 +229 b 1141 £ 85b
PE 116 +195a 5.86 +0.01 a 6772+270 a /
2022 w2 Bl 110 £ 1.92 b 5.75 + 0.04 ab 6399 +271 b 427 + 1042
B2 113 + 551 ab 569 +0.08 b 6345 £ 284 b 373+96 b
PE 108 + 4.03 b 6.10 +0.08 a 6575210 b 198+76a
w3 Bl 116 £334a 588+ 0.08 b 6789 + 283 ab 16+ 127b
B2 112 + 461 ab 6.11+0.15a 6854 £278 a 82+112b
PE 102 +0.62a 589 +0.05a 6009 £ 156 a 926+83a
w1 Bl 94£242b 565+ 0.03 b 5403 £222 b 1649 £ 82 a
B2 91 £271b 591 +0.04a 5286 + 278 b 1532 £120 b
PE 117 + 4283 592 £007b 6935 +272a /
2023 w2 Bl 108 +3.42b 6.00 £ 0.05a 6489 + 269 b 481+ 113 a
B2 108 +422b 5.99 + 0.06 ab 6454 £292 b 447 +125b
PE 109 + 094 a 6.09 +0.06 2 6620 + 287 b 315+ 122a
w3 Bl 114+219a 613+0.10a 6963 271 a 28+118b
B2 114 + 466 a 6.10 £0.09a 6948 295 a S12£125b

Source of variance
Year (Y)
Irrigation quota (I)
Mulch (M)
YxI
YxM
IxM

YxIxM

i

o

o

o

ke

o

e

o

i

o

o

-

o

*x

ns

ns

o

o

ns

o

o

Different letters within a column and experimental year represent significant differences at P < 0.05. * and ** represent a significant difference at the 5 and 1% levels; ns represents no significant

difference at the 5% level.
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Irrigation date Irrigation quota (mm)

Growth stage

2022 W2
Sowing May 18 April 10 April 10

June 23 June 15 June 20 315 40.5 49.5

Budding stage
June 30 June 22 June 27 315 40.5 49.5
July 07 June 29 July 04 315 40.5 49.5
July 14 July 06 July 12 315 405 495

Flowering stage
July 21 July 13 July 18 315 40.5 495
July 28 July 20 July 24 315 405 495
August 04 July 27 July 31 315 40.5 49.5
Bolling stage August 11 August 03 August 07 315 40.5 49.5
August 18 August 10 August 14 315 40.5 49.5
Boll opening stage August 25 August 17 August 21 315 40.5 49.5

Total quota (mm) 315 405 495
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Induction

Type of mulching film Treatments Raw material Width/m  Thickness/mm  Color period/d
Traditional
polyethylene mulch PE polythene 2.05 0.01 transparent No
Fully biodegradable mulch Bl PBS and PBAT 2.05 0.01 transparent 100
Thermo-oxygen- polythene and
biodegradable mulch B2 biodegradation additives 203 901 trafsparent 100

PBS represents polybutylene succinate; PBA represents poly (butylene adipate)/terephthalate.
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Physical and chemical properties of soil before irrigation

Depth (cm) Field water holding Soil salt content, 2021 Soil salt content, 2022 Bulk density
capacity (%) (g-kg™) (g-kg™) (g-cm™)
0-20 2542 179 1.84 147
20-40 24.96 235 1.69 148

40-60 29.94 122 327 1.62
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Drip Seedling irrigation quota (mm)

Irrigation Emergence el Treatment
technology water (mm) (?ime) Y Emergence Strong Seedling Seedling
stage stage stage
2(D1) 6.0 225 28.5 ‘WIDI1
6.0 (W1)
4 (D2) 45+ 15 105 + 12.0 28.5 WiD2
« a 2(D1) 10.5 25 33.0 ‘W2D1
Dry sowing and oL
Wt emergence’ 4(D2) 60 +45 105 + 12.0 33.0 W2D2
2(D1) 150 25 375 W3D1
15.0 (W3)
4 (D2) 105 + 4.5 105 + 12.0 78 W3D2

Winter irrigation 0 1 0 0 225.0 CK
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Yield Indicators

Irrigation
Year Treatment uota Bell Dry matter Lint Seed cotton Harvest
) accumulation product_llcm product_llon index (HI)
(DMA) (kg-ha™) (kg-ha™)
WID1 2983 3.50b 3.72b 16799.27f 21104e 4252.3¢ 0.253a
W2D1 3208 341b 3.82b 17374.19¢ 2315.6d 4527.5d 0.260a
W3D1 3433 4.00a 421a 19628.79d 2477.3¢ 4876.3¢ 0.248a
W1D2 2983 3.82b 431c 20377.94d 2223.4d 4473.7d 0.220b
WaD2 3208 4.15b 4.55b 21215.19¢ 2775.6b 5301.5b 0.250a
! W3D2 3433 4252 5.15a 22756.68b 3001.52 5743.3a 0.252a
CK 5008 411a 5.21a 23949.18a 3121.3a 6003.52 0.264a
D _ * * o - - ns
w _ s . o - - ns
D'W - ns ns b e e ns
WID1 2158.35 4.80b 4.92b 13944.50f 1898.5d 4004.68¢ 0.287a
W2D1 220335 481b 4.92b 16907.90e 1969.6d 4243.06b 0.251b
W3D1 224835 5.10a 5.41a 18287.35d 2513.4b 5216.08a 0.285a
WID2 2158.35 4.92b 5.11c 19844.55¢ 2211.3¢ 4382.16¢ 0.221¢
W2D2 2203.35 5.05b 5.65b 22958.90b 2663.6b 5255.86b 0.229¢
e W3D2 224835 5351 6.05a 23878.75a 3012.5a 6272.82a 0.263b
CK 412335 5.4la 6.1la 23918.65a 3079.5a 6246.22a 0.261b
D N * * - - - *
w - ns ns b b b ns
D*wW - ns ns bt nied et ns

Different lowercase letters indicate significant differences between treatments (p<0.0:

: D, drip frequency; W, emergence water, *p<0.05, **p<0.01, ns: p>0.05.
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Single melon : -1, Water use efficiency Fertilizer
Year Treatment g Yield (kg-ha = 2 i s
weight (kg) SeilEr) (kg-hatmm™) partial productivity
7 0.82¢ 24914.16c 51.51b 5.54b
M 1.60a 30726.13a 62.94a 5.39¢
2022
l4la 26044.72b 54.01b 377d
CK 1.08b 24119.46d 52.51b 17.87a
i 1.01be 26705.73b 65.51b 5.93b
M 1.42a 31126.22a 75.48a 552b
2023
1.21ab 26794.72b 65.65b 3.88¢
CK 0.89¢ 25258.67b 64.59b 1871a
B 0.92b 25809.94b 57.91b 5.74b
M 151a 30926.18a 68.21a 5.46b
Average
131a 26419.72b 59.34b 3.83¢
CK 099 24689.06¢ 58.06b 18.292

Different lowercase letters indicate significant differences between treatments at the P <0.05 level.
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Vimax (Mm/ To Ty T. AT

Year Indicator Treatment Logistic equation R? =
9 4 cm/em*d? @ () @ (@

L Y=14.125/[1+42.392-¢01%9] 0.995%* 0.374 8238 4202 | 20.677 24879 = 0328
Stem M y=14.876/[1+2.338-¢*1139] 0.990* 0.419 7545 -4.154 | 19.244 23398 0368
enete/ i H y=15387/(1+2.164-e17Y] 0.995* 0.452 6576 | -4.640 | 17.792 | 22432 @ 0395
CK y=14.453/[1+2.498-¢*12)] 0.981% 0.432 7649 3357 | 18.655 22012 0380
L Y=353.141/[1439.116:e1219] | 0.994** 10.677 30317 | 19.428  41.206 21779 | 9.365
M ¥=392.539/[1+27.561-e"10] | 0.986* 10.789 30166 18.187 | 42.144 23958 3818

2022 Vine length/cm
y=433.295/(1425.211-e"1Y] | 0.988** 11.442 30.553  18.085  43.020 24935  10.059
CK y=358.972/[1+33.351.e011] | 0995+ 10.372 30346 18951 41741 | 22791 9.119
L »=331.802/[1+10.49*11] | 0.970** 9.711 26369 13593 | 39.145 25552 7.260
M =404.149/[1+13.245-e1 2] | 0.993% 15.056 25482 14.667 36296 21.628 = 9.980

Leaf area/cm’
H y=437.081/(1+11.156-e>17Y] | 0.996** 15.294 25810  13.951  37.669 23718  10.126
CK y=382.526/[1+11.185¢ %] = 0.990* 11.882 28407 15643 41170 25527 8.156
L y=13.173/[1+45.755-¢"01520] 0.986** 0.500 11525 | 2.852 | 20.198 | 17.346 0438
Stasn M y=14231/[143.934-¢*1289] 0.994%% 0.456 10681 0411 20950 = 20539 0.400
digineter/mm H y=14.678/(1+3.612:c129] | 0,990 0.455 10349 -0264 | 20963 21228 0399
CK y=13.696/[1+5.506-¢" 17 0.994** 0.504 11586 2.641 20531  17.890 = 0.442
L Y=324.74/[1451.694-¢0113) 0.979** 9.167 34939 | 23277 46602 23326 = 8.038
M ¥=368.04/[1+75.661¢" 1] | 0978 10.676 37286 25936 | 48.636 22700 = 9.361

2023 Vine length/cm
H ¥=382.096/(1+51.991-e"011 0.986** 10.463 36073 | 24.049  48.097 24047 = 9.174
CK y=324.887/[1+235.976"°1**] | 0.950* 11.330 39.169 | 29.728 | 48.611 18.882 = 9.934
L Y=286.99/[1+7.392-¢0104) 0.996*% 7.494 19152 6543 | 31760 25217 | 6571
M Y=313.046/[1+7.043.eC0104 0.997* 8.147 18751 6.100  31.402 25302  7.143

Leaf area/cm”
y=321417/(147.16: 117V 0.995%% 9.303 17.002 = 5.628 | 28.377 @ 22749 8.157
CK y=304.236/[1+7.098-e 103 0.997 8.203 18171 = 5960 | 30.382 | 24422 7192
L y=13.644/[1+43.555-¢ 126 0.991 0.431 10040 -0.384 20467 20851 = 0377
Stem M y=14.556/[1+2.991.e*129] 0.993* 0.435 9.160  -1.849 | 20.161 = 22010 0383
diameted/mm H y=15.033/(142.752:¢%129)] 0.993* 0.450 8470  -2.548 | 19.480 22028 0395
CK y=14.083/[1+3.576.e011 0.989* 0.462 9720 -0.326 | 19.756 = 20082 = 0.409
L ¥=339.231/[1+40.862-e*1 140 0,99 9.681 32503 20.966 44.040 23074 8480
M Y=381.421/[1+36.447-¢179] | 0.983*% 10.185 33666 21336 45996 24660  8.940

Average | Vine length/cm
H y=408.563/(1+31.73¢1W] | 0.988* 10.636 33201  20.554 | 45.849 25295 | 9.320
CK y=345.623/[1+42.17-e01%0] | 0.982% 9.320 34690 22481  46.900 & 24.420 8.180
L =331.802/[1410.49e°%1010] | 0.983* 8.400 23212 10206 36218 | 26011 7.350
M y=404.149/[1+13.245-¢ 1 29] 1 0.996* 11.343 23013 11282 | 34743 23461  9.930

Leaf area/cm’
y=437.081/(1+11.156-¢""17Y]  0.996** 11.653 22618 10269  34.968 24699 = 10.240
CK y=382.526/[1+11.185.e°2%%] | 0.992** 9.508 24287 | 11.041 = 37.533 | 26493 8310

Vmax is the maximum of relative growth rate, Vmean is average growth rate, T, is the occurrence time of maximum relative growth rate, Ty is the start time of rapid growth, T; is the end time of
rapid growth, AT is rapid growth duration, T is the growth days. Different lowercase letters indicate significant differences between different processes(*, P < 0.05;%, P < 0.01).
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Growth period 2022 Year 2023 Year

Germination period 4.29-5.11 5.8-5.18
Seedling period 5.12-5.27 5.19-6.4
Vine growth period 5.28-6.20 6.5-6.20
Flowering period 6.21-7.12 6.21-7.13
Maturity period 7.13-8.11 7.14-8.14
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Base fertilizer dosage Additional fertilizer Top dressing Irrigation Irrigation quota

Treatment

(kg-ha™) amount (kg-ha™) times times (m>ha™)

L Solid 3900 Liquid 300 2 3 525
organic fertilizer organic fertilizer

M Solid | 1800 Liqud 150 2 3 525
organic fertilizer organic fertilizer

Solid Liquid

H s i 5700 4 i 600 2 3 525

organic fertilizer organic fertilizer
Diammonium 300
CK phosphate Urea 300 2 3 525

450
Urea
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Soil depth (cm)

Measuring item

40-60

bulk density (gcm™) 1.38 148 1.56 1.61 1.68

Field water retention (%) 21.73 22.15 2287 23.69 24.56
Organic matter (%) 0.8 0.68 0.57 0.34 0.38
Available phosphorus (mg-kg™") 72.06 745 2.98 4.58 344
Available potassium (mgkg) 180 170 190 120 110
Alkaline hydrolyzed nitrogen (mgkg ") 33 23 | 18.60 16.10 11.60
Total nitrogen (%) 0.063 0.061 0.054 0.023 0.045
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Year Treatment Spike number Grain number grain
(x10*hm?) per spike weight (g)

2019 w1 602.40b 33.03¢ 38.47¢ 7726.80c
= w2 639.88a 3542b 41.57b 8705.10b
2020 w3 642.73a 3839 4425 9333.90a
W4 650.93a 37.35a 43.93a 9229.40a
W5 660.61a 34.81b 40.56b 8588.70b
2020 W1 617.11b 34.66¢ 39.03¢ 8713.56¢
- w2 653.73a 37.36b 43.31b 9806.31b
2021 w3 660.76a 40.99a 47.65a 10343.60a
A 671.14a 39.41a 4641a 10230.23a
W5 682.72a 36.50b 41.85b 9619.27b

Year o

Treatimerits

YearxTreatments ns ns ns ns

Different letters in the same column meant significant difference at 0.05 level. *: P<0.0:

5 **: P<0.01; ***: P<0.001.
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Treatments Growth curve equation Tmax (d)

2019-2020 w1 y=38.4437/(1 + 20.2076e-0.2093x) 14.16¢ 201c 1.05d 24.79¢
w2 y=41.4700/(1 + 24.7534e-0.2156x) 15.33b 2.17b 1.13¢ 27.83b
w3 y=43.9860/(1 + 31.2705e-0.2259x) 15.24b 2.48a 1.30a 28.56a
W4 y=43.3752/(1 + 30.9228e-0.2279x) 15.06b 247a 1.22b 27.32b
W5 y=40.6048/(1 + 27.1554e-0.2254x) 16.16a 2.26b 1.13¢ 27.96b

2020-2021 W1 =39.4664/(1 + 15.9270e-0.1899x) 14.38¢ 1.87¢ 1.01d 27.44c
w2 y=43.7319/(1 + 19.7233e-0.1971x) 15.13b 2.16b 1.13¢ 30.14b
w3 y=47.8077/(1 + 19.6005e-0.1943x) 15.31b 2.36a 1.32a 31.88a
w4 y=46.4992/(1 + 21.5542e-0.2029x) 15.13b | 232a 1.24b | 29.56b
W5 y=42.1346/(1 + 18.2619e-0.1982x) 16.25a 2.09b 1.10¢ 30.07b

Tmax, the time to reach the maximum filling rate; Vmax, maximum filling rate; Vmean, mean filling rate; D, grain filling duration.
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13C distribution amount (ug:-stem-1)

Treatments
leaf Stem and sheath Spike axis and husk Grain
Wi 60.01b 222.65b 108.07a -
w2 64.14a 237.63a 113.00a -
2019-2020 W3 66.86a 260.72a 114.44a -
W4 68.16a 249.80a 118.44a -
W5 68.42a 242.35a 121.40a -
At 72 h after labeling
w1 72.30b 287.82b 120.39a -
w2 79.39a 307.61a 123.22a -
2020-2021 W3 82.80a 329.09a 128.48a -
W4 82.18a 314.89a 126.91a -
W5 83.06a 305.76a 136.39a -
Year . . x _
Treatments ecd el e =
YearxTreatments ns ns ns =
Wi 28.00c 65.06c 42.25b 247.39¢
w2 29.09¢ 65.06c 43.47b 278.71b
2019-2020 W3 27.54c 67.11b 44.36b 298.80a
W4 30.90b 66.36b 45.83b 295.50a
W5 33.24a 69.15a 47.98a 274.98b
At maturity
W1 27.41c 86.78¢ 48.94b 282.18¢
w2 30.50¢c 86.90c 48.38b 313.97b
2020-2021 W3 29.37¢ 86.01b 53.28b 331.28a
w4 31.36b 84.69b 50.91b 327.54a
W5 34.80a 88.13a 56.96a 307.97b
Year wox ox . -
Treatments wox . oex wox
YearxTreatments * ns b ns

Different letters in the same column meant significant difference at 0.05 level. *: P<0.05; **: P<0.01; ***: P<0.001.
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Total root Length Root Surface Area Root Volume

Stage Treatments (em)
2021 2022 2022

BOPO 362.19b 403.19b 47.86¢ 42.78¢ 0.74¢ 0.63b

BOP1 450.11ab 496.01b 63.77b 83.94b 1.03b 1.01a

Flower:pegeing BIP1 479.02a 500.53b 67.64b 99.10ab 1.07b 1.00a
stage FeB P1 536.51a 686.87a 83.292 112.91a 123 1.10a
FeBP P1 532.47a 628022 86.35a 113.29% 1252 1.04a

FeBP P2 493.62a 493.36b 67.41b 92.58ab 1.07b 105

BOPO 450.95d 657.56c  ssaw | 89.23¢ 0.92¢ 1.05b
BOP1 588.91¢ 1291.39b 119.02abe 108.34be 1.23b 1.24ab

Podiing BIP1 639.99bc 1335.34b 115.31bc 136322 1.29b 1.28a
stage FeB P1 755.60ab 1525.73ab 134.07ab 127.54ab 1.66a 1.02ab
FeBP P1 846.13a 1635.40a 137.13a 151.16a 1.32b 1.23ab
FeBP P2 662.65bc 1429.15ab 108.83¢ 134.86a 1.13bc 1.20ab

For interaction effect, mean data (n = 3) with different letters are significantly different at P < 0.05.
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Morphological

characteristics

2020

2021

2022

2023

Root length (cm) 708.40 833.76 233.71 27271 212,52 251.81 141.68 165.86
Root surface area (cm?) 225.02 294.13* 344.62 448.45* 87.16 114.08* 66.91 85.10%
Root volume (cm?) 4.68 5.81 1031 13.16* 1.38 1.63 0.65 L
Root length (cm) 694.50 966.45* 236.13 315.20" 21631 277.41 143.80 194.96*
Root surface area (cm?) 223.55 318.04* 34449 490.52* 87.74 118.93* 63.22 85.11*
Root volume (cmj) 5.18 7.53%* 10.42 14.04* 1.30 1.52 0.42 0.67*
Root length (cm) 778.52 1,050.31* 256.90 379.05* 23375 320.34* 155.70 250.02%*
Root surface area (cm?) 253.65 406.47** 39547 610.17* 100.73 160.28** 7325 131.20"
Root volume (cm?) 4.92 6.56 10.64 I 14.28* 131 1.82* 1.09 124
Root length (cm) 806.85 1,239.31% 249.81 384.19** 231.09 320.91* 162.79 286.31*
Root surface area (cm?) 272.87 454.66%* 424.19 701.23** 108.04 164.99** 87.95 128.63*
Root volume (cm?) 4.70 6.12* 9.46 12.50* 1.40 1.80* 1.51 1.85%

*Indicates a significant difference between group comparisons (p < 0.05), **indicates a highly significant difference between group comparisons (p < 0.01).
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Crop wa}er Irriga(iop yva(er Ag(o_nomic N use efficiency Physjological Partial fggtor
Treatment productivity productivity efficiency of N o efficiency of N productivity of N
’) ’) (kg kg™) 2 (kg kg™) (kg kg™)

02 Wi 21422 + 880c 2653+ 109 2995+ 123 2307+ 095 3259 + 134 2679+ 1102 8170 + 3.36b

w2 289.85 + 5.80b 2571+ 051a 2840 £057 2329+ 047 3176 + 064 17.83 £ 0.36b 10956 £ 2,19

w3 37071 £741a 2062 041b 2264 £ 0450 1139 £ 023¢ 3108 £ 0,620 9.18 + 0.18¢ 10883 £ 2,18

No 28640 + 11772 2091 + 086d 2249 £ 092d NA NA NA NA

N1 292.76 + 1203 2490 £ 1020 2748 £ 113b 3190+ 131a 3598 + 1482 2507 £ 103 18829 £7.74a

N2 20232+ 585 2703 £ 054 3021 £ 060 2543 £ 051b 3224 £064b 2091 £ 0420 10259 £ 2.05b

N3 203,59 + 587 2636 £ 053 2962 +05% 1528+ 031c 3085 + 0,620 17,64 £ 035¢ 6713 £ 134c

N4 209.75 + 12322 2254 £ 093¢ 2553 £ 105 447 £ 0.18d 2845+ L17c 808 £033d 4372+ 180
203 W1 381,90 + 1581¢ 2082+ 102 5029 £ 207 9.79  0.40¢ 5198 +2.14a 10.97 £ 0.45¢ 6631 £2.72b

w2 54108 + 10820 18.60 £ 0.37b 3837 £ 0770 1528+ 031b 4148 £ 0.83b 1189 £ 024b 7153 £ 143

w3 709.65 + 14192 14.42 + 029¢ 30.35 + 061 1660 + 033 4150 £ 083 1315 £ 0262 7250 £ 1452

No 543.20 422321 1813 £ 0.74c 3676 + 1510 NA NA NA NA

N1 549.66 + 22582 19.30 £ 0.79abc 3951  162ab 19.39 £ 0808 5094 £2.09 1331 £ 055¢ 13184 £ 542

N2 543.47 + 10872 2047 £ 0412 4210 £ 0842 2019 + 0402 4460 £ 0,89 1575 £ 031a 7036 + 141b

N3 546,90 + 10942 20.18 £ 0.40ab 4183 £ 084 13.04 £ 026b 4343 £ 087bc 1451 £029b 4705 £ 094c

N4 556.06 + 22.850 18.53 £ 0.76bc 38.55 + 1.58ab 3.07 £ 0.13¢ 4046 £ 0.47c 449 +0.18d 3220 £ 132d

Data are presented as mean + SD (n = 3). Based on Tukey's test (p< 0.05), different lowercase letters indicate significant differences in the means between treatments. The treatment abbreviations are the same as those in Table 1.
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Year Treatments

Crop Water

Productivity
H)

Irrigation water
productivity
(kg m*)

Agronomic
efficiency
of N (kg kg™)

N use efficiency
(%)

Physiological
efficiency of
N (kg kg~

Partial factor
productivity
of N (kg kg™

w1 No
N1

N2

N3

Nt

w2 | No

N1

2022 N2
N3

N4

w3 No

N1

N2

N3

N4

Variation source

w

WxN
W1 No
NI
N2
2023
N3
Nt
w2 | No
N1
N2
N3
N4
W3 No
N1
N2
N3
Nt

Variation source

w

WxN

20134 + 7.76d

20944  4.19cd

21199 £ 424cd

21523 £ 9.75¢

21901 £ 881c

28219 + 5.64b

289.69 + 5.79b

29327 £ 5.87b

29119 £ 697b

292.88 + 8.01b

36435 £ 8.39%

367.59 + 7.350

37172 £ 743

37434 £ 7.49

37554 £ 7.51a

ns

37373 + 9.37¢

37519 £ 7.50¢

380.14 + 7.60c

384.18 £ 7.68¢

385.92 £ 12.95¢

533.89 + 10.68b

541.39 £ 10.83b

539.89 + 10.80b

54358 £ 10.77b

54663 + 13.19b

70053 + 12,322

71069 + 14.21a

71039 £ 1421a

71294 £ 14262

71369 + 14272

ns

ns

2069 + 1.28¢f
2594+ 181c
29.36 £ 2.053b
3100 £ L16a
2394 £ 215
2195 + L41def
2661 * 146bc
2999 £ 2.10a
2622 £ 193¢
2377 + 1.83cde
1928 + 141
2117 + L48def
2176 + 1.52def
2186 + 1.55def.

1903 £ L11f

2329+ 133
2449 £ 186abc
2579+ 1242
25.13 = L16ab
2378 £ 0.59c
17.07 £037¢
18.37 £ 0.33¢
2013 £073d
2016 + 0294
17.18 £ 053¢
13.20 £ 0.05h
1428 £ 0.35fgh
1548 +0.23f
1526 £ 0.33fg

1389 + 0.56gh

ns

2219 4 0.58¢fg
2896 + 145¢
3318 £ 1.66b
3556 +0.28
2791 £ 1.40cd
2359 + 1.08
2936 + 103c
3349 £ 1670
2907 £ 145¢
2650 £ 1.32d
2080 + 1.04g
2304 £ L1sef
2395 £ 1.20e
2424 £ 1.24e

2017 £ 0381fg

4647 + 3.29¢

48.98 + 2.91bc
5228 + 1.56a

51.49 £ 1.76ab.
4894 £ 1.12bc
3494 £ 061fg
37.91 £ 0.59%

4142 £ 1.55d
4176 +023d
35.80 + 1.22¢f
2741 £ 0.57)

30.08 + 0.96hi
3261 £0.71gh
3225 £ 1.00h

29.38 + 0.62ij

s

NA
3382+ 0.68b
2745 +0.55¢
2256 +0.93d
7.23 £ 0300
NA

4040 £ 081a
3464 £ 0.69
12,95 + 0.53g
516+ 021
NA

2022 + 040g
1419 + 0.28f
1032 +021h

0.84 + 0,02k

NA
1255 + 0.25f
1451 +0.29¢
847 +035g
313£0.30
NA

2078 + 042¢
2268 + 0450
1612 + 0.66d
152+ 0.06)
NA

2407 + 0482
2338 +047ab
1452 029

443 £ 0.09h

NA
36220722
33.92 + 0.68bc
32.66 + 1.34cd
25.85 + 1.06h
NA

35.08 + 0.70ab
3127 + 0.63def.
29.82 + 1.24ef
3011 £ 1.25ef
NA

35.23 + 0.70ab
3154 £ 0.63de
2973 £ 0.59F

2783+ 0.56g

NA
60.41 £ 1122
5283 + 106b
4682 + 1.92¢
45,12+ 1.85d
NA

44,84 + 0.90cd
38.37 £ 0.77fg
4258 + 175de
40.12 + 1.65efg
NA

45,55+ 091cd
42,58 + 0.85de
40.90 £ 082l

36.97 + 0.74g

NA
3620+ 072
30.05 % 0.60b
2761 % L13c
1187 £ 024h
NA

24.66 + 049d
2115+ 042¢
1474 £ 0611
10.48 £ 0.44ij
NA

13.38 £ 027g
1154 £ 023hi
1045 £ 0213

136 + 003k

NA
12.67 £ 0254
15.41£031b
10.14 £ 0.42¢
508 0.10f

NA

12,68 + 0254
13.85 £ 028¢
18.07 £ 0742
297+ 0.12g

NA

14.05 £ 028¢
17.99 £ 0362
1533 £ 031b

523+ 0.10f

NA
14472 £ 2.89b
8291+ 166e
6002+ 2.47g
3486 + 0700
NA

20542 4411
117.15 £ 234
6781+ 2820
14642+ 193
NA

20730 + 4152
107.73 + 2154
7267 + 1457

47.61 % 0.95h

NA
122.39 + 245b
6531+ 131d

43.46 % 179F

30.57 £ 0.61g

NA

13261 £ 265
7245 + 145¢

49.35 + 203¢

3172 130g

NA

13531 £271a
7333 £ 147¢

4835 + 0.97¢f

33.04 £ 0,668

Data are presented s mean + SD (n = 3). Based on Tukey's test (p< 0.05), different lowercase letters indicate significant differences in the means between treatments. The treatment abbreviations are the same as those in Table 1.
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2022

2023

Treatment Hay yield Crudg Relative feed l\_leutral detergent Acid detergent
(t/ha) protein (%) value (%) fiber (%) fiber (%)

Wi 5.52 + 0.41b 20.22 £ 0.71a 152,62 + 5.20a 40.60 + 1.45b 29.22 + 1.05b
w2 7.47 £ 0.11a 20.77 + 0.42a 145.89 + 2.92a 41.50 + 0.83b 31.02 + 0.62ab
w3 7.41 + 0.34a 19.67 £ 0.68a 132.80 + 4.74b 45.32 + 1.57a 31.62 + 1.09a
No 570 + 0.24b 17.66 + 0.35d 16171 £ 3.23 39.37 + 0.79d 26.55 + 0.53d
N1 7.06 + 0.13a 20.52 + 0.41bc 15197 + 3.04b 40.91 + 0.82cd 28.80 + 0.58¢
N2 7.65 + 0.18a 21.84 + 0.44a 141.00 + 2.82¢ 42.74 + 0.85bc 31.46 + 0.63b
N3 7.50 £ 0.07a 21.32 + 0.43ab 135.10 + 2.70cd 43.99 + 0.88ab 32.60 + 0.65ab
N4 6.03 + 0.63b 19.77 + 0.69¢ 129.06 + 4.62d 45.36 + 1.57a 33.69 * 1.15a
w1 9.39 + 0.33b 19.14 + 0.71b 15469 + 5.70a 39.90 + 1.43b 30.24 + 1.08b
w2 10.08 + 0.29a 21.28 + 0.69a 145.07 + 4.76b 41.84 + 1.35b 31.76 + 1.03b
w3 10.26 £ 0.23a 2091 + 0.54a 131.93 + 3.41c 44.55 + 1.09a 34.45 + 0.85a
No 9.09 + 031c 18.73 + 0.65¢ 16127 £ 5.5% 38.71  1.36c 28.56 = 1.01c
N1 9.84 + 037b 20.18 £ 0.75b 152.16 + 5.68b 40.64 + 1.49bc 30.39 £ Lllc
N2 10.55 £ 0.21a 22.05 + 0.57a 139.99 + 3.66¢ 42.48 + 1.17b 32.46 + 0.90b
N3 10.53 £ 0.27a 21.76 + 0.82a 138.27 + 5.21c 43.07 + 1.62ab 33.83 + 1.28ab
N4 9.59 + 0.35bc 19.45 + 0.62bc 127.36 + 4.06d 45.48 £ 1.50a 3542 + 1.16a

Data are presented as mean + SD (n = 3). Based on Tukey’s test (p< 0.05), different lowercase letters indicate significant differences in the means between treatments. The treatment abbreviations
are the same as those in Table 1.
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Hay yield Crude Relative feed Neutral detergent Acid detergent

R | (et protein (%) value (%) fiber (%) fiber (%)
2022 W1 | No 4.16 + 0.11h 17.28 + 0.43e 172.77 + 8.64a 37.61 + 1.88g 24.65 + 1.23g
I N1 543 £0.27g 19.39 + 0.89cd 160.67 + 8.03b 38.68 + l,93fg 28.54 + 1.43ef
N2 6.22 + 0.31ef 21.60 + 1.15ab 148.98 + 7.45bcde 40.83 + Z,Mdefg 3041 + 1.52cde
N3 6.66 + 0.05de 21.15 + 0.95ab 143.71 + 7.19cdef 4223 + 2.11def 30.71 + 1.54cde
N4 5.23 +0.26g 21.68 + 1.05ab 136.95 + G.SSEfgh 43.66 + 2.18bed 31.77 + 1.59bed
W2 | No 5.72 + 0.28fg 17.89 + 0.24de 160.10 + 8.00b 39.39 + 1.97efg 27.17 + 1.36fg
N1 7.70 £ 0.27bc 21.36 + 0.96ab 155.21 + 7.76bc 40.15 + Z,OIdefg 2842 + 1.42¢f
N2 8.79 + 0.44a 2245 + 1.0la 145.57 + 7.28cde 41.14 £ 2,06defg 31.59 + 1.58bcd
N3 7.63 + 0.38bc 21.58 + 0.99ab 13737 = 6.87Efgh 42.84 + 2.14cde 33.26 + 1.66abc
N4 6.95 + 0.35d 20.60 + 0.99bc 131.19 6.56fghi 44.00 + 2.20bed 34,67 + 1.73a
W3 | NoO 7.02 +0.35d 17.81 + 0.76de 152.25 + 7.61bed 41.11 £ 2,06defg 27.83 + 1.3%f
N1 7.77 £ 0.39b 20.81 + 0.94abc 140.03 + 7.00defg 43.89 + 2.19bed 2942 + 1.47def
I N2 8.08 + 0.40b 21.47 + 1.33ab 128.46 + 6.42ghi 46.26 + 2.31labc 3240 + 1.62abc
N3 8.18 + 0.42b 21.24 + 0.63ab 124.21 + 6.21hi 4691 + 2.35ab 33.83 + 1.69ab
N4 7.14 £ 0.27cd 17.03 £ 1.05e 119.05 + 5.95i 4842 +2.42a 3464 + 1.73a

Variation source

w o P P P o
N - P P P o
WxN i o ns ns ns
2023 W1 No 8.71 + 0.62f 17.16 £ 0.53e 174.17 + 8.71a 36.39 + 1.82f 26.88 + 1.34g
N1 9.18 + 0.55ef 18.95 + 0.95d 164.98 + 8.25a 37.77 + 1.89%f 2839 + 1.42fg
N2 9.80 + 0.29bcd 20.21 £ 0.52bc 151.90 + 7.60bc 40.03 + 2.00cdef 30.63 + 1.53def
N3 9.65 + 0.33bcde 19.68 + 0.63bed 146.30 + 7.31cde 41.13 + 2.06bcde 3151 + 1.58de
N4 9.17 £ 0.21ef 19.43 £ 0.54cd 133.95 + 6.70efg 43.75 + 2.19abc 3347 + 1.67bcd
W2 No 9.17 + 0.16ef 19.53 + 0.44bcd 161.88 + 8.09ab 38.54 + 1.93def 2829 + 1.41fg
N1 9.95 + 0.15bc 20.62 + 0.13bc 151.89 + 7.59bc 40.30 + 2.01cde 29.87 + 1.49¢f
N2 10.87 £ 0.41a 23.30 £ 0.45a 140.95 + 7.05cdef 42.59 + 2.13bc 31.86 + 1.59de
N3 10.96 + 0.06a 22.46 £ 0.67a 139.36 + 6.97cdefg 42.37 + 2.12bcd 33.01 + 1.65cd
N4 9.39 + 0.32cde 20.20 £ 0.83b 129.08 + 6.45fgh 44.67 + 2.23ab 35.18 + 1.76abc
W3 No 9.25 + 0.19def 19.51 £ 0.32cd 147.78 + 7.39cd 41.20 + 2.06bcde 3049 + 1.52def
N1 10.15 £ 0.32b 20.72 £ 0.83b 137.51 + 6.88defg 43.29 + 2.16bc 3249 + 1.62cde
N2 11.00 + 0.24a 22.76 + 0.03a 127.89 + 6.39fgh 45.11 + 2.26ab 35.13 + 1.76abc
N3 10.88 + 0.34a 2266 + 1.11a 126.21 £ 6.31gh 4491 + 2.25ab 36.34 + 1.82ab
I N4 9.91 + 0.21bc 18.52 £ 0.55d 117.73 £ 5.8%h 47.57 +2.38a 37.27 + 1.86a

Variation source

w o o P . .
N o . P . .
WxN ns * ns ns ns

W1, W2, and W3 represent irrigation rates of 375, 525, and 675 mm, respectively, while N0, N1, N2, N3, and N4 represent nitrogen application rates of 0, 75, 150, 225, and 300 kg ha,
respectively. Data are presented as mean + SD (n = 3). Based on Tukey’s test, different lowercase letters in each column represent significant differences in means between treatments (p< 0.05).
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Jreatments Base Fertilizer (kg-ha™) Top dressing_iertilizer Top_ Irrigati}on gluota Irri_gation
(kg-ha™) dressing times (m>-ha™) times

FIW1 3900 (Solid organic fertilizer) 300 (Liquid Organic Fertilizer) 2 375 3
FIW2 3900 (Solid organic fertilizer) 300 (Liquid Organic Fertilizer) 2 450 3
F1W3 3900 (Solid organic fertilizer) 300 (Liquid Organic Fertilizer) 2 525 3
F2W1 4800 (Solid organic fertilizer) 450 (Liquid Organic Fertilizer) 2 375 3
F2wW2 4800 (Solid organic fertilizer) 450 (Liquid Organic Fertilizer) 2 450 3
F2w3 4800 (Solid organic fertilizer) 450 (Liquid Organic Fertilizer) 2 525 3
F3W1 5700 (Solid organic fertilizer) 600 (Liquid Organic Fertilizer) 2 375 3
F3wW2 5700 (Solid organic fertilizer) 600 (Liquid Organic Fertilizer) 2 450 3
F3W3 5700 (Solid organic fertilizer) 600 (Liquid Organic Fertilizer) 2 525 3

K 300 (diammonium phosphate), 450 300 (urea CO(NH,),) 2 55 3

(urea CO(NH,),)
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Treatment

Relative fitness Ranking Relative fitness Ranking

WIFI 0.163 10 0.117 10
WIF2 ‘ 0.301 9 0.306 9
WI1F3 0.351 6 0.357 6
‘W2F1 0.325 7 0.31 | 8
W2F2 0.536 2 0.547 2
W2F3 0.444 4 0.449 ‘ 4
W3FI 0304 8 0336 7
W3F2 0554 1 0561 1
W3F3 0388 5 0366 5

CK 0.474 3 0.49 3
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2022 2023

Treatments Yield (kg-ha™) IWUE (kgm™) PFP (kg-kg™®)  Yield (kg-ha™) IWUE (kg-m™)  PFP (kg-kg™)

WIF1 22030.15 + 105.41g 13.99 £ 0.07e 4.90 £ 0.02e 21605.14 + 406.16f 13.72 £ 0.72¢ 4.80 + 0.25de
WIF2 24225.80 + 133.73e 15.38 + 0.08b 4.25 +0.02g 24632.31 + 353.09de 15.64 + 0.95ab 4.32 + 0.26ef
WIF3 24635.06 + 181.92d 15.64 + 0.12a 3.57 £ 0.03i 24885.06 + 181.92d 15.80 £ 0.12a 3.61 +0.03g
W2F1 23628.75 + 183.37f 13.13 + 0.10f 5.25 + 0.04d 24131.48 + 421.46e 1341 + 0.75¢d 5.36 + 0.30bcd
W2F2 26992.70 + 168.01b 15.00 £ 0.09¢ 4.74 + 0.03f 27508.70 + 526.77b 15.42 + 1.08ab 4.87 + 0.34cde
W2F3 25713.12 + 263.11¢ 14.29 + 0.15d 3.73 £ 0.04h 26463.12 + 263.11¢ 14.70 £ 0.15b 3.84 + 0.04fg
W3F1 24914.16 + 131.15d 12.30 + 0.06h 5.54 + 0.03b 26705.73 + 566.08¢ 13.19 £ 0.71cd 5.93 + 0.32b
‘W3F2 30726.13 + 207.54a 15.17 £ 0.10bc 5.39 £ 0.04c 31476.13 + 207.54a 15.54 + 0.10ab 5.52 % 0.04bc
W3F3 26044.72 + 167.67¢ 12.86 + 0.08g 3.77 £ 0.02h 26794.72 + 167.67¢ 13.23 £ 0.08cd 3.88 + 0.02fg
CK 24119.46 + 160.08e 11.91 £ 0.08i 17.87 £ 0.12a 25258.67 + 644.52d 1247 + 0.68d 18.71 £ 1.01a

Significance analysis (F)

w 1264.33** 783.26%* 581.41%* 386.79%* 8.16** 15.46%*
F 1403.48** 1348.38** 3332.25** 251.68** 3177 54.68*
WxF 231.96** 182.60** 100.40** 40.62* 4.29" 1.85ns

Different lowercase letters indicate that there is a significant difference between different treatments at the P=0.05 level, * indicates a significant difference (P<0.05), ** indicates a very significant
difference (P<0.01), and ns indicates no significant difference.
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Year Treatment

Fiber

Cotton quality indicators

strength 1 Fiber Unif?rmity Elongasion Maturity Textile
(cN/tex) ength (mm) (VA rate (%) parameters

WIDI 28.13b 29.96b 81.7¢ 10.7a 0.84a 125d ‘ 19126.31d
W2D1 28.46b 29.46b 82.8¢ 10.6a 0.83a 132¢ 19283.93d
W3D1 28.77b 31.33a 84.5b 10.8a 0.84a 136b 21157.02¢
WI1D2 29.45b 30.98b 84.3b 10.5a 0.82a 135b 21364.45¢
W2D2 29.66b 30.57b 85.4b 10.7a 0.83a 138b 21509.09¢
o W3D2 30.13b 31.18a 86.5a 10.6a 0.82a 139b 22572.98b
CK 32.44a 31.02a 87.5a 9.4b 0.85a 149a 24458.41a

D ns * * ns ns * 3

w ns % % ns ns - L

D'w ns ns ns ns ns ns ns
WID1 27.6b 27.96b 80.9¢ 10.0a 0.83a 121c 17341.72f
W2D1 27.7b 28.46b 81.9¢ 10.6a 0.82a 119¢ 17934.78e
W3D1 28.0b 29.33a 83.1b 10.9a 0.82a 130b 18956.96d
WI1D2 29.1b 28.98¢ 83.2b 10.4a 0.83a 136b 19490.02¢
W2D2 29.3b 29.57b 83.6b 10.8a 0.82a 137b 20119.76b
w2 W3D2 28.9b 30.18a 83.9b 10.7a 0.82a 134b 20327.15b
CK 33.0a 30.02b 86.2a 9.8b 0.84a 151a 23720.80a

D ns * * ns ns * *

w ns * * ns ns * *

Dw ns ns ns ns ns ns ns

Different lowercase letters indicate significant differences between treatments (p<0.0:

; D, drip frequency; W, emergence water, *p<0.05, ns: p>0.05.
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Data number

New shoots 38 1.92a 0.31 6.16 0.59b 0.32 2.05
Fruit expanding 78 2.05a 043 4.75 0.51a 043 1.20
2022
Fruit maturing 16 2.35a 0.50 473 0.64b 028 232
‘Whole growth season 132 2.11a 041 520 0.58b 034 1.57
New shoots 44 1.70a 0.22 7.71 1.26a 0.77 1.64
Fruit expanding 76 1.96a 0.28 7.10 1.03a 0.49 2.09
2023
Fruit maturing 16 1.57a 0.35 444 0.93a 0.29 3.26
Whole growth season 136 1.74a 0.28 6.15 1.07b 0.51 2.09

In the table, SI represents signal strength, CV represents coefficient of variation, S represents sensitivity, and the data shown are the mean values of each growth period. a and b indicate the
difference between Slppmay and Sy, iem(p<0.05).





OPS/images/fpls.2024.1516824/table1.jpg
PpmaXWW Ppmast

(kPa) (kPa)

New shoots 77.22 129.25

Fruit expanding 89.68 137.97

2022 Fruit maturing | 79.76 13230
Whol

rowth ::ason 82.22 133.17

New shoots 77.86 99.60

Fruit expanding 85.60 105.71

2023 Fruit maturing v 79.00 103.28
ol

gro“‘:vmhs:ason 80.82 102.86






OPS/images/fpls.2024.1516824/M3.jpg
)





OPS/images/fpls.2024.1516824/M2.jpg
Ppmax,

@
Ppmas,

Slhprse





OPS/images/fpls.2024.1464624/im4.jpg
P





OPS/images/fpls.2024.1516824/M1.jpg
e
) Fa- Pdamp

[0}





OPS/images/fpls.2024.1516824/fpls-15-1516824-g005.jpg
180
=81.92-241.01 0 2022Ppmax
eod  y=482935.02x - Y ® 0 2023Ppmax

Ppmax(kPa)
S o &
S o -

o0
S

y=24.20-30.55x0
R*=(.44%

=~ O
= &

O 2022Vstem
O 20%3Vstem

@)
003 y=0.002+0.004x _

Vstem(cm/s)
-
&
s
o

0.001 _ o
y=0.003+6.058E-4 ~ U
2_ %

0,000 R?=0.09

3.5 3.0  -25






OPS/images/fpls.2024.1516824/fpls-15-1516824-g004.jpg
Vstem(cm/s)

Ppmax(kPa)
S
S

160

—
O T AN
_— =

o0
-

=
- (o
(o o
o W

0.001

0.000

y=104.36-0.01x

y=78.22+0.01x
R*=0.02

y=7.14E-4+4.49F-6x

|
II;.

y=3.26E-4+5.41E-6x
R?=0.54**

100 200 300 40
Rs(W/m?)

y=60.10+0.56x

y=48.06+0.42x
R*=0.32

y=0.004-2.600E-5x
R?=0.30%

Sy
W::.
5x

3
E-

y=0.004-2.984 .
R2=0.42%*

60 80
RH(%)

100 5

y=100.38+6.66x

y=72.25+0.37x
R*=0.14%*

y=7.25E-4+4.90E-5x
R?>=0.20%*

¢ y=2.24E-4+6.46E-5x
R?=0.36**

10 15 20 25 30 35 O 1 2

Ta(°C)

= Ppmaxy,y

* Ppmaxyy
y=109.50-5.35x

. y=10430-0.28x
k.o R>=0.17+*

y=84.28-3.84x
R2=0.11*

= Vstemy,

. * Vstemyg

y=9.95E-4+7.63E-4x

) y=0.002-1.817E-5x
R?=0.37+*

y=7.46E-4+8.36E-4x
R?=0.47**

VPD(kPa) P(mm)

0 20 40 60 &0 100





OPS/images/fpls.2024.1516824/fpls-15-1516824-g003.jpg
180

" Ppmaxyy

160 . ’ *  Ppmaxyq

ek
(O BN AN
— =

Ppmax(kPa)
5 (S
S

y=106.12-0.07x L

= Vstemyg

y=7.72E-5+7.60E-6x y=0.001+8.736E-4x ° Vstemyy

R2=0) 62 ;“..'. .60** R2=0.73%%, y=0.001-2.469E-5x

o'o:
| ]

y=0.004-2.401E-5x

: y=3.79E-4+5.75E-5x R2=0.70%* y=0.001-2.960E-5x

R?=0.46%** R=0.17**

0 100 200 300 40 60 80 1000 10 20 30 0 1 2 0 10 20 30 40 50
Rs(W/m?) RH(%) Ta(°C) VPD(kPa) P(mm)





OPS/images/fpls.2024.1464624/fpls-15-1464624-g014.jpg
Technology

Soil fertility indicators
(R?=0.702)
b, b, bs by

0.950 0811  0.791 0.824

8
9
&

0702 0729 0913 0856 0.813 | 0.855 |






OPS/images/fpls.2025.1517761/fpls-16-1517761-g002.jpg
Maximum and minimum temperature range (°C)

Average temperature (°C)

B Precipitation (mm)

(D,) danyeradud |

S SO -
@\ o0

(wwr) uonyedroard

120

100

80

60

40

20

Days after sowing (d)





OPS/images/fpls.2024.1464624/im1.jpg





OPS/images/fpls.2024.1464624/im2.jpg





OPS/images/fpls.2024.1464624/im3.jpg





OPS/images/fpls.2024.1464624/fpls-15-1464624-g010.jpg
Root dry weight (g)

o
S

B
S

w
S

[
S

s

Rate of increase (%)

2020 2021 2022 2023
Year

a. Inter-annual changes in Root dry weight

Rate of increase (%)

2

w
S

&

w
=3

[*)
=]

s

2020 2021 2022 2023
Year
b. Inter-annual changes in Root length, Root surface area
and Root volume





OPS/images/fpls.2024.1464624/fpls-15-1464624-g011.jpg
350

300

250

[
S
=3

Height (cm)

60

v
S

'y
S

Stem diameter (cm)
2 2

S

€] [N X 9.45%
8.66% s 10% 8.70% /o\o

0/0 9.74%

68s% 5" ] TAS% 238%
796%

4.64%

a. Height

CK [ A 14.67% 1470% _ A525%

11.96% 12.03%
10.10%

9.43% 9.38% 10, 66%\0 10.87%

0_6.85% ol64%

8.09% 0 .

VvV VIV -Raf ks VeV Vv IV TR RR[VE o oy V- eks[VE-velv vV T-Rale-R

b. Stem diameter

Rate of increase (%)

Rate of increase (%)





OPS/images/fpls.2024.1464624/fpls-15-1464624-g012.jpg
CK [ A 20.73%,

2,
17.96%
15.48%
12.85% 1667%
M"" 10, 128m% .
8.07% o6 & NS NS
W NS ns |_\ |_| |_| *

20

1291
.

—
241%3) 459
%
.

s

Rate of increase (%)

3

Chlorophyll content

Chlorophyll content

=
S

-20

VE-V6 Ve-VT VT-R2 R2-RS
a. Chlorophyllin content

30 38
s 4 -:.:!0
,7,"' 25 q’E
E Ezs ,.\:
220 &
2 3 ;
B e £
15 DS E
2 ©
] 2 2
%lo E.“’ &
g 2
S e
£ 5

=

VE-V6 V6-VT VT-R2 R2-RS
c. Photosynthetic rate

@

15

¥
o

Py
1954w 24

19.85% NS 19 3ge,

°
°

|
§

Transpiration rate/umol m? s™
-
Transpiration rate (pmol-m™-s™")
o

VE-V6 V6-VT VT-R2 R2-RS
e. Transpiration rate f. Inter-annual changes





OPS/images/fpls.2024.1464624/fpls-15-1464624-g013.jpg
35000 20
| JcK[ ] AI-—=—Rate of increase
%* ok
30000 ns
15
25000 2
D 2
<
< 20000 10°8
L O
=< =
O T
© 15000 5 o
= :
10000 a2
0
5000

2020 2021 2022 2023

Year





OPS/images/fpls.2024.1464624/fpls-15-1464624-g009.jpg
CAT/ml (0.1 mol L' KMnO,) g

PHO/ng g d"!

&

N
n

»
o

n

°

e
n

o
°

g

]

g

[
=3

VE-V6 V6-VT VT-R2 R2-RS

a. Urease activity

VE-V6 V6-VT VT-R2 R2-RS

c. Catalase activity

VE-V6 V6-VT VT-R2 R2-RS

e. Phosphatase activity

26.85% 27143%
1235

Rate of increase (%)

URE (mg-g-d")

CAT (ml (0.1 mol L KMnO,) -g™")
Rate of increase (%)

SOT3% 48.67% 48.16%
98T% 4y

PHO (ug-g"-d™)

Rate of increase (%)

T )0 e 7 OB T T (e o R (G Lo

f. Inter-annual changes





