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Abstract

:

To investigate the research hotspots and development trends of subsurface drip irrigation (SDI) over the past 20 years, this study analyzed relevant literature from the Web of Science Core Collection spanning from 2002 to 2022. The data were visualized using CiteSpace, showcasing the publication volume trends, countries, keywords, cited references, authors, and affiliated institutions. Based on 1079 articles, the annual publication volume showed an overall upward trend. The United States had the most extensive research coverage and highest publication volume, whereas China had the fastest growing publication rate in recent years. However, relatively little cooperation occurred among research teams and institutions. Over time, research topics became increasingly diverse, with water conservation and yield increases being the primary research objectives. In addition to improving irrigation and fertilizer use efficiency, SDI has also been applied in research on the safe utilization of unconventional water resources (wastewater and salt water) and the optimization of soil conditions. Among these, aerated irrigation technology—aimed at improving root growth in the rhizosphere—may become a new branch of SDI research. Currently, the main research focus in the field of SDI is the diffusion and distribution of water in the crop root zone, for which Hydrus model simulation is a particularly important method.
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1. Introduction


The rapid rate of urbanization and population growth continually increases the global imbalance between water supply and demand for agriculture, industry, and the environment. The scarcity of irrigation water has become a major challenge for agricultural development worldwide [1]. According to projections by the United Nations, the global population is expected to reach 9.55 billion by 2050, corresponding to a 70% increase in food demand and 19% increase in water use in agricultural irrigation [2,3,4]. Traditional irrigation methods, such as flood irrigation, exhibit low water resource utilization efficiency and exacerbate water wastage [3]. Therefore, the development of water-saving irrigation technologies has become a priority. Simultaneously, improving grain yield while reducing agricultural water consumption has emerged as a prominent topic in contemporary agricultural development [5].



In 1920, Lee O. Charles from California developed and patented a basic subsurface drip irrigation (SDI) system that utilized tile pipes [6]. However, owing to technological limitations at the time, the SDI system had no practical applications. In recent years, owing to escalating environmental pollution, water resource crises, and technological and material advances, SDI technology has been implemented for various crops with considerable economic benefits. Generally, an SDI system comprises a water source, head pivot, main pipe, capillary channels, and emitters. A head pivot typically includes a pumping station, fertilization device, testing device, and several filtering devices to remove impurities from the effluent and provide pressure for transporting water over long distances. This ensures uniform water flow to the field and facilitates the supply of water and fertilizer to the root zone of crops through capillary channels and emitters [7].



SDI technology is renowned for its water- and fertilizer-saving abilities and high degree of automation. Water and fertilizer are delivered directly to crop roots through pipes buried in the tilled layer. As shown in Figure 1, compared with other irrigation methods, SDI can significantly reduce water loss through surface evaporation, enhance irrigation efficiency, improve crop net photosynthesis, and reduce crop transpiration [8]. In addition, SDI can effectively control weed growth, inhibit the proliferation of soil diseases and insect pests, reduce pesticide use, and significantly improve crop yield and quality [9,10]. In this study, we analyzed the literature on SDI in the core collection of the Web of Science to provide insights into research trends and emerging issues in the field. Our study elucidates the current issues of concern and provides informed directions for development in the field of SDI.




2. Materials and Methods


2.1. Data Sources


To ensure the accuracy and authority of the data, we used the core collection of the Web of Science to retrieve data based on the topic (with the retrieval term “subsurface drip irrigation”) and limited the retrieval period to between January 2002 and December 2022. The article type was set to “article” and “review article”. A total of 1080 articles were obtained and the article data, including full records and cited references, were imported into CiteSpace (v.6.1.R6, 64-bit) in text (.txt) format.




2.2. Research Methods


CiteSpace is a data visualization software developed by Prof. Chen Chaomei using the Java platform. CiteSpace can analyze input data from papers and generate a visual map of the focus and relationships between papers in a given field of research.



We screened the imported literature in CiteSpace, with the time slice set to one year and threshold (top N per slice) set to 50; the Pathfinder clipping method was used to simplify the atlas. During this step, an article that was officially published in 2023 but had been pre-published online was excluded. In the following results, we elucidated the development trend and widespread application of research interest in subsurface drip irrigation through annual publication volume and countries of origin. We examined the collaboration among various research teams in the field of SDI through the analysis of institutions and authors. The topic hotspots and research directions were expressed through the examination of keywords, while the research scope and orientations were explored through reference co-citation analysis. Apart from specific mentions, all the analyses were conducted based on the data from 41 reviews and 1038 articles.



In the knowledge maps, the greater the node range, the more frequently an object appears or is referenced. The thickness of the lines connecting the nodes indicates the degree of co-occurrence or co-citation. To assess the importance of the nodes in the network, betweenness centrality (BC) was estimated, as shown in purple on the knowledge map, with a value between 0 and 1. The median is generally considered to have a BC > 0.1. Clustering is another way to analyze research areas and distinguish unique topics. In clustering analysis, a modularity (Q) > 0.3 indicates that the clustering results are significant, while a silhouette (S) > 0.5 indicates good clustering and (S) > 0.7 indicates great clustering [11]. Finally, the burstiness of keywords can be used to determine the research hotspots (citation bursts) and analyze the direction of SDI development.





3. Results


3.1. Analysis of Annual Publication Volume and Countries of Origin


Annual publication volume is a critical indicator of a particular research field’s developmental trends, based on the level of research activity and interest in a specific area [12]. Figure 2 illustrates the annual publication volumes for studies relating to SDI and the associated countries. Overall, the number of publications steadily increased over time. However, a slight decrease in the number of publications was observed in 2005, 2012, and 2017. The highest number of publications occurred in 2021, suggesting that the issue of agricultural water shortages is gaining increasing attention, and research on SDI is expanding.



Table 1 presents the number of publications according to location over the past 20 years. The United States led research on SDI, with the highest centrality and largest circulation of publications. Chinese publications ranked second in circulation, starting in 2004 and slowly growing until 2016 when publication rates surged. By 2022, the number of Chinese publications reached 48, accounting for ~50% of the total number of published articles that year. As the most populous country in the world, China produces 25% of the world’s food with only 10% of the world’s arable land and thus faces considerable challenges in agricultural water usage; thus, food security and water shortage may be the reasons behind China’s substantial research investment in water-saving agriculture [13,14,15].




3.2. Analysis of Publishing Institution and Authors


The analysis of publishing institutions and authors is essential for understanding the structural developments and changes in the research field [16]. As shown in Table 2, 12 institutions published more than 20 publications each. Regarding publication volume and centrality, the US Department of Agriculture Agricultural Research Service was the most productive institution and published 9.54% of all publications. The institution with the second-highest publication volume was Northwest A&F University, which also had the highest publication volume and citation burst in the past five years. Several research institutes in the United States have published in the field of SDI, such as the University of California, Davis; the University of Arizona; and the University of California, Riverside.



Most of the institutions with the highest number of publications were from the United States or China, emphasizing their significant roles in SDI research.



Figure 3 illustrates the author contributions, consisting of 645 nodes and 581 lines with a density of 0.0028. Notably, although numerous research teams appeared in the author visualization map, each team operated independently. The fragmented nature of SDI research calls for strengthened communication and cooperation among institutions to form an interactive support network that utilizes the unique strengths of each research group and ultimately enhances research efficiency and depth.




3.3. Keyword Analysis


3.3.1. Exploration of Hot Topics in Review Articles


To comprehensively explore the research hotspots and directions in the field of SDI, we manually analyzed the keyword information from 41 reviews based on the literature data and presented the results in Table 3 (the numbers following “*” represent the frequency of the keyword occurrence). Review articles are based on primary research data and information, representing the perspectives of other scholars on the advancements of subsurface drip irrigation in the respective field. The frequency of keywords in review papers can reflect the research focuses of other scholars in the SDI domain. A higher occurrence of keywords of the same type indicates a higher level of attention towards that particular area. Through the analysis of review paper keywords, we observed that, besides the category “irrigation methods”, which is closely related to the search term, the distribution of soil moisture, environmental pollution, and crop cultivation have received the most attention. This suggests that SDI has been widely adopted in numerous crop cultivations, while also potentially posing challenges in controlling agricultural pollution. Investigating the water distribution and hydraulic characteristics of SDI under different irrigation and soil conditions is a popular research topic. In contrast, the topic of economic benefits discussion appears to be relatively limited, indicating that economic factors receive less attention in the research and development of SDI. Moreover, advancements in new technologies have provided opportunities for SDI, generating extensive discussions on enhancing water use efficiency, utilizing unconventional water resources, and increasing crop yields.




3.3.2. Analysis of Keyword Co-Occurrence


Analyzing the keywords of a certain field of research can be useful in elucidating research hotspots and core content within that field [17]. Figure 4 shows a keyword co-occurrence map containing 596 nodes, 2509 connections between the nodes, and a density of 0.0142. Table 4 presents high-frequency keywords, where the top 10 keywords have a frequency > 100. By combining these keywords, we observed that water use efficiency and yield were prominent research directions related to SDI.



Keywords with a high BC represent the most important research areas in SDI. Figure 4 shows six keywords with high centrality: soil (0.17), furrow irrigation (0.13), drip irrigation (0.11), irrigation (0.10), management (0.10), and nitrogen (0.10). Soil is a fundamental component of crop production. The physical and chemical properties of soil have a considerable influence on the effectiveness of SDI. Based on the degree of permeability, sandy soil is more suitable for SDI compared to the more compact clayey soil, which is also vulnerable to uneven water and fertilizer distribution [18]. Soil temperature, pH, and salt content affect the ability of plants to absorb and utilize water and nutrients [19,20]. Furrow, drip, and irrigation were closely associated with the search terms used in this study. Compared with other irrigation methods, SDI yields higher water use efficiency, less soil erosion, and greater water conservation and is more conducive to improving crop yield and quality. Furthermore, it also reduces labor intensity [21,22]. SDI management encompasses irrigation scheduling, fertilization, system maintenance, and soil crop management. Effective management strategies are essential for enhancing crop yield and quality, maintaining soil health, improving water and fertilizer use efficiency, and achieving sustainable crop production [23]. Nitrogen is an important nutrient in crop growth and directly affects yield. Variations in irrigation methods can significantly affect nitrogen use efficiency. Studies have demonstrated that SDI can improve nitrogen utilization efficiency while reducing nitrogen loss [24,25]. Additionally, SDI can be combined with other measures, such as soil testing, mulch planting, and crop rotation, to optimize nitrogen use efficiency [24,25,26].




3.3.3. Keyword Clustering Relating to SDI Literature According to Time of Citation


A keyword clustering map is a valuable tool for characterizing nodes with similar themes [17]. As shown in Figure 5, the Q of keyword clustering was 0.4584, and the S was 0.7546. The selection of keywords and the log-likelihood ratio utilized by the clustering algorithm generated 14 labels, in which 588 out of 596 nodes were classified; each node’s label was unique. The thickness of the lines between nodes within a cluster indicates the correlation between research directions (the denser the lines, the stronger the correlation) [27].



To further refine the research content and identify research hotspots, tags with the same theme were summarized into nine parts (tags #9 and #10 were excluded because of their close association with the search term). Part 1 (#0 water productivity and #3 water use efficiency) includes 126 nodes, and the main years of #0 and #3 were 2012 and 2011, respectively. Part 2 (#2 nitrous oxide and #5 nitrate) contained 109 nodes, and the main years for #2 and #5 were 2016 and 2007, respectively. Part 3 (#4 deficit irrigation and #6 limiting flow) had 90 nodes, with the main year being 2010. Part 4 (#7 Saccharum spp. and #8 Bermudagra (Bermuda grass)) had a total of 73 nodes, and the main years of #7 and #8 were 2013 and 2012, respectively. Part 5 (#1 point source) appeared in 2009 and contained 65 nodes. Part 6 (#11 soil respiration) had 30 nodes and appeared in 2015. Part 7 (#12 volatilization) had 19 nodes, and the main year was 2005. Part 8 (#13 gross margin) had six nodes, and its main year was 2009. Finally, Part 9 (#14 electromagnetic induction) comprised six nodes, and its primary year was 2019.



Among the nine parts, water use efficiency in Part 1 contained the highest number of nodes, indicating that crop water absorption and utilization efficiency has been a major focus of research in SDI. Part 2, which considers nitrogen, is divided into two periods. The earlier period focused on the effect of nitrogen fertilizer on crop yield, while the latter dealt with the avoidance of the adverse effects of nitrate on the environment. The precise control of nitrogen fertilizer dosage through SDI can promote crop growth while avoiding pollution and uncontrolled emissions of greenhouse gases (CO2 and N2O, among others) [26,28]. Part 3, deficit irrigation, is an important water-saving strategy in arid and semiarid regions [29] that aims to limit input while promoting yield and quality, thereby achieving an efficient balance between irrigation volume (input) and crop yield (output) for maximum profit [30,31,32]. Part 4, crop, indicates the beneficial impact of SDI on Saccharum spp. and Bermudagra (Bermuda grass) crop yield and quality while reducing water and fertilizer usage [33,34,35,36]. Part 5, the study of point sources, relates to the design of SDI systems and crop planting methods for optimized efficiency. The distribution of point sources not only has a significant impact on soil water depletion and moisture peak, but also limits the amount of tilling and crop spacing [37,38,39,40]. However, the timeline node distribution indicated that point source research was initially a hot topic but has gradually become less popular in recent research. Part 6, soil respiration, was evenly distributed throughout the research period, and its popularity increased slightly with the development of oxygation (oxygenated irrigation water). In general, irrigation saturates the spaces between soil particles and reduces air content, resulting in reduced respiration in the crop root zone. The oxygenation of irrigation water can effectively improve respiration in the root zone, thus increasing yield and quality [41,42,43,44]. Part 7, node distribution and connection, indicated that the study of evapotranspiration is outdated, albeit closely related to other parts. Evaporation is an important parameter for determining crop water demand. Based on crop water demand and local water supply conditions, efficient planning for precipitation and irrigation can achieve the best economic, social, and ecological outcomes [45,46,47]. In Part 8, profit studies were observed to be rare and do not overlap with other categories. However, from a commercial perspective, the complicated operating mode of SDI requires higher investment costs, which may inhibit its application and marketing [21]. Part 9, the application of sensor technology in agriculture, developed rapidly. Sensor technology provides a means to locate and monitor the distribution of water and nutrients in the soil and automate the functioning of the SDI system. The combined use of electromagnetic induction technology can further optimize irrigation and fertilization strategies to improve water and nutrient use efficiency and crop yield [48,49].




3.3.4. Analysis of Keyword Bursts


A keyword burst refers to a significant change in the frequency of a keyword over time. Keywords with strong and long-lasting burst intensities may represent a new research direction [50].



Figure 6 shows that the burst intensity for words before 2007 were strongly correlated with the search terms used in this study. “Trickle irrigation” had the highest burst intensity, whereas “subsurface” had the longest burst duration. Between 2002 and 2022, research focused on the characteristics of SDI. In 2010, three keywords showed a high burst intensity, among which “irrigation” appeared in 2004 and was associated with several burst words of the previous publication period. The studies of drip distribution in irrigation systems and water infiltration distribution also gained attention during this period. Finally, the close association in the burst timing of “water productivity”, “grain yield”, and “performance” represents the latest hot topics in SDI research. Therefore, we expect that SDI system research and development will continue to focus on improving yield and water conservation.





3.4. Analysis of Reference Co-Citation


We assessed the topic trends and temporal development of SDI research through a reference co-citation analysis. Reference co-citation refers to the overall number of citations for a particular paper [16]. Because some references were published before the papers screened in our study, the analysis of reference co-citation includes some studies before 2002. Table 5 highlights citations with high frequency or strong centrality, and Figure 7 shows a cluster analysis of citations over time. Each node in the figure represents a cited article and its size reflects the proportion of citations [51].



We divided the timeline map into four parts. The first part covered the period before 2002, during which the research directions included #7 clay deposit, #13 potato crop, #16 precision flow control, and #19 Prunus dulcis. The second part spans 2002–2008, comprising the research directions #5 stem yield, #9 soil moisture sensors, #3 Wyoming, #10 gross margin, #12 antioxidant activity, #15 quality assurance standard (QAS), #14 economic benefits, and #18 energy balance. The third part spans 2008–2014, comprising the research directions #11 soil water balance, #4 irrigation water productivity, #6 crop coefficients, #1 aerated irrigation, #2 alfalfa, #20 Saccharum officinarum L., and #22 organic fertilizer application. Finally, the research directions of the fourth part, spanning 2014–2022, comprised #0 partial root-zone drying, #1 aerated irrigation, #2 alfalfa, #8 Hydrus, #17 redistribution, and #21 subsurface drainage.



Analysis of the timeline map revealed that the scope of SDI research has broadened over time. The earliest node of import occurred in Category #7, which pertains to the proper management of clay deposits. This is a key factor in the effective use of SDI because clay deposits may clog emitters and reduce the flow of water and nutrients to crop roots [52]. Al-Eter et al. [16] demonstrated that the use of clay deposit amendments in sandy soils improved soil water storage and promoted root growth and yield. Three categories produced key nodes in the second period. The earliest category was #5, which addressed stem yield and showed that SDI contributed considerably to the yield of root and tuber crops (sweet potatoes, onions, and potatoes). Although #10 gross margin produced three nodes of importance, the keyword analysis in Section 3.3.2 suggested that profit is not the most important factor in the development of subsurface drip irrigation. This is likely related to the high input cost, high technical threshold of operation and maintenance, and long income cycle of SDI. Furthermore, the optimization of and improvement in SDI equipment mainly focuses on enterprise transformation, with relevant information stored as part of the core enterprise data. Considering the distribution of nodes over time, #3 Wyoming emerged because of the impact of coalbed sodic water on agriculture in Wyoming, United States. Because of large-scale coal mining in the area, salty water has been injected into the coal seam and has forced farmers to use slightly saltier water for irrigation [53,54,55]. SDI, with its completely closed pipeline and precisely controlled flow rate, offers significant advantages in the use of nonconventional water resources (wastewater and saltwater) for irrigation. This setup can prevent the transfer of pollutants while maintaining the levels of nutrients, such as nitrogen, phosphorus, potassium, and organic matter, required for crop growth [56,57]. Brackish water irrigation is mainly applied to sandy loam with good drainage and leaching conditions in arid areas. In salinized soils, a decrease in soil water content promotes soil salinity, but brackish water irrigation can increase soil water content and dilute soil salinity [15,58,59,60,61]. The third period encompassed the largest number of research categories. The two key nodes were #6 (crop coefficients) and #4 (irrigation water productivity). The research focus during this period was on developing appropriate irrigation strategies according to the water demand cycles of different crops. Aerated irrigation, a new branch of research, emerged during this period. The fourth phase focused on the infiltration distribution of irrigation water in the root zone of crops, which is commonly associated with the Hydrus model for water movement simulation in SDI.



Early research on SDI primarily focused on traditional techniques, such as precise control, water conservation, yield increase, and soil and water conservation. In recent years, with the emergence and development of new technologies, some new research methods and branches have entered the research scope of SDI. For example, Hydras is a simulation software for groundwater and soil water movement, mainly used to study and simulate soil moisture, infiltration and transportation, hydrological processes, and soil hydrochemical reactions [62,63,64]. SDI research now considers different soil types and water management practices to predict and optimize soil moisture and ultimately enhance agricultural productivity [65]. Aerated irrigation is an innovative development that increases the feeding capacity of crop roots by infusing irrigated water with oxygen or air, allowing plants to absorb more water and nutrients, and reducing the need for frequent watering. This results in water conservation and improved plant health [4,44,52,66,67]. Among application crops, alfalfa has become a hot topic in SDI research. Alfalfa thrives in cool and humid climates, and SDI can reduce the occurrence of soil surface crusting and soil erosion, which are unfavorable for the growth of alfalfa. Therefore, SDI has broad prospects for application in alfalfa planting and the forage industry [68,69].





4. Discussion


In recent years, the application of subsurface drip irrigation in water-saving agriculture has increased considerably. In the United States, the area of SDI application increased by over 167% between 2003 and 2018, mainly for crops such as corn, onions, cotton, and tomatoes [21]. The integration of water and fertilizer is one of the main advantages of SDI, which enables consistent and evenly distributed fertilizer and pesticide application throughout the entire growth cycle [24]. SDI is characterized by low water flow rates, where water is released from emitters and diffuses through capillary action and gravity to the root zone of crops. This closed irrigation method minimizes the occurrence of water spreading on the soil surface, effectively reducing the leaching and runoff of fertilizers and pesticides. Consequently, SDI mitigates their movement within the soil, thereby mitigating pollution and environmental contamination [9]. This can improve fertilizer and water use efficiency while limiting nutrient loss, which ultimately promotes yield and limits the impact on the environment. SDI has demonstrated excellent performance in saline water irrigation. Under favorable drainage conditions, continuous SDI induces leaching of the soil beneath the emitters, preventing salt accumulation near the root zone and mitigating the negative impact of salinity on crops [70]. A large number of research results in the above research fields have been published in journals related to agronomy, water resources, and environmental sciences, such as Agricultural Water Management, Agronomy, Agriculture, Water, and other excellent journals.



The development of internet technology has led to the intelligent and precise transformation of SDI. Against the backdrop of current agricultural production shifting towards intensification and automation, there has been rapid progress in the development of extensive, non-destructive, and fast detection techniques for assessing soil moisture, nutrient levels, and crop losses in agricultural fields [71]. The utilization of big data and satellite remote sensing technology enables the refinement and intelligentization of irrigation strategies. Through real-time monitoring and data analysis, timely information on meteorological changes, soil temperature and moisture, and surface evaporation can be obtained. By evaluating the water status of agricultural fields in conjunction with crop growth and water requirements, targeted irrigation recommendations can be provided [49,72]. Soil sensors and the Internet of Things have significantly improved the monitoring, management, and maintenance of SDI systems [17,73]. Because the working parts of an SDI system, such as pipes and irrigators, are buried underground, blockages and pipeline leakages can be challenging to detect. Delayed maintenance can lead to small-scale droughts or flooding, which reduces irrigation efficiency and results in crop loss. Enhanced monitoring devices can accurately sense and control the operational status of SDI systems and assess soil health, thereby providing effective assistance in system management and irrigation strategy formulation.



Enhancing the operational lifespan poses a significant challenge to the development of SDI systems. Compared to other irrigation methods, SDI has higher maintenance and operating costs, and the economic viability of SDI systems relies on achieving a lifespan of 15 to 20 years [22]. Blockages and pipeline damage are frequently encountered issues in SDI systems. Clogging primarily occurs in the emitters of subsurface drip irrigation systems and is caused by particle blockage, deposition from chemical reactions between fertilizers, and the aggregation of microorganisms in confined spaces [74]. Regular flushing or periodic flushing can effectively prevent clogging in pipelines and emitters [75]. The anti-clogging performance of emitters depends on factors such as channel shape, dimensions, materials, and other factors. Increasing the fluid velocity and turbulence inside the emitters can contribute to improved anti-clogging performance. Computational Fluid Dynamics (CFD)-based numerical simulation techniques have been widely applied in the design and development of emitters, playing a significant role in optimizing channel design and enhancing anti-clogging capabilities [76]. Pipeline damage can result from multiple factors: aging of the pipeline material, breakage caused by expansion and contraction under varying temperatures, damage inflicted by plowing equipment, and damage from rodents [20]. Implementing appropriate pipeline layout and land cultivation strategies can help prevent damage to SDI systems during plowing operations. However, traditional SDI pipe materials are plastic and rubber, which are susceptible to UV- and temperature-mediated aging. Composite and ceramic materials have recently emerged as alternatives for manufacturing SDI pipes and emitters [77]. These materials can reduce the long-term losses and maintenance costs of SDI, while improving environmental friendliness and energy efficiency.



The economic benefits of SDI systems should be evaluated based on specific circumstances and considerations. SDI is recognized for its water-saving effects; however, it may not deliver superior economic benefits when compared to other conventional irrigation methods [78]. As revealed by keyword mapping, relatively few studies have assessed the economic benefits of SDI. From the perspective of economic competitiveness, SDI may not be suitable for all crops. For example, root crops (such as sweet potatoes, onions, and potatoes), as well as certain vegetable crops (such as tomatoes), have demonstrated significant increases in yield using SDI; however, cereals have not exhibited sufficient yield increases to justify the advantages of SDI over other irrigation methods [79,80,81]. Notably, there has been an increase in research on the use of SDI in alfalfa cultivation. This is due to the precise water and nutrient control offered by SDI. Excessive or inadequate soil moisture levels and fertilization can reduce alfalfa yields. The application of SDI systems allows for effective control of production costs and enhances forage production [82]. The application of SDI systems involves considerable financial investment and requires the design, construction, and management of specialized equipment by technically trained personnel. Moreover, SDI systems rely on electricity to drive water pumps and valves, among other devices, which increases running costs. Since subsurface drip irrigation systems are susceptible to damage from plowing equipment, they are more suitable for low-tillage or no-tillage cropping models [78]. Crop rotation may not be suitable for SDI because the fixed burial depth and spacing of drip heads may be inconsistent with crop row spacing and planting depth, thus reducing irrigation efficiency. In practice, considering crop type, land topography, and water resources. Further research is needed to evaluate the economic benefits of SDI systems under different scenarios [83].




5. Conclusions


In this study, CiteSpace was used to examine the trends in the research field of subsurface drip irrigation. Research on SDI has garnered increasing attention in recent decades, its applications have continued to expand, and it has demonstrated considerable potential in improving the yields of a variety of crops. Based on statistical analysis of publication numbers, the United States and China have been the most influential countries in SDI research. Research on SDI is relatively dispersed among various research institutions and teams. It is anticipated that by enhancing collaboration, research efficiency and depth can be improved. Current SDI research focuses on improving water use efficiency and increasing crop yield, with the distribution of water in the crop root zone being a research hotspot. The Hydrus model plays a significant role in studying the movement of soil moisture peaks and nutrient substances under SDI conditions. To optimize the productivity of the root zone, aerated irrigation may emerge as a new branch of SDI. The significant potential demonstrated by SDI in water-saving irrigation and the nonconventional water resources (wastewater and saltwater) positions it as a promising solution for increased application in arid regions. The development of new technologies and materials presents opportunities for the widespread adoption of SDI, facilitating the formulation of precision irrigation strategies and extending system longevity. In order to control costs and increase yields, SDI is likely to be increasingly applied in the cultivation of forage crops, such as alfalfa, in the livestock industry. Despite certain limitations, such as high investment costs and complex management and maintenance, SDI shows great potential in the development of water-saving and production-increasing technologies to meet future food demands, while limiting costs related to both long-term operation and environmental impact.







Author Contributions


Y.X. conceived the study and closely supervised the writing of the manuscript. C.S. wrote and revised the manuscript. D.W. was responsible for the document retrieval. H.L. and W.G. contributed to the editing of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the “Open Fund of the Key Laboratory for the Efficient and Safe Utilization of Agricultural Water Resources (Farmland Irrigation Research Institute, CAAS)”, grant number FIRI 202003-0101 and FIRI 2021030201, the “China Postdoctoral Science Foundation”, grant number 2021M701103, the “Key Technology Research Program of the Higher Education Institutes of Henan Province, China”, grant number 22A416008, and the “Agricultural Science and Technology Innovation Program”, grant number CAAS-ASTIP.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The literature data used in this study are based solely on the results retrieved from the Web of Science Core Collection. Due to limitations in the search timeframe and the access permissions for other databases, we acknowledge that the search results may not be comprehensive. Furthermore, it is important to acknowledge the valuable research results published in other databases or in outstanding journals in different languages. We extend our gratitude for their contributions to the field.




Acknowledgments


The authors would like to acknowledge Chao Mei Chen for developing CiteSpace and allowing public access to it for free. The authors also would like to acknowledge the contribution of anonymous reviewers for their comments and suggestion.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Kandelous, M.M.; Šimůnek, J. Comparison of numerical, analytical, and empirical models to estimate wetting patterns for surface and subsurface drip irrigation. Irrig Sci. 2010, 28, 435–444. [Google Scholar] [CrossRef]

	



Vollset, S.E.; Goren, E.; Yuan, C.W.; Cao, J.; Smith, A.E.; Hsiao, T.; Bisignano, C.; Azhar, G.S.; Castro, E.; Chalek, J.; et al. Fertility, mortality, migration, and population scenarios for 195 countries and territories from 2017 to 2100: A forecasting analysis for the Global Burden of Disease Study. Lancet 2020, 396, 1285–1306. [Google Scholar] [CrossRef]

	



Hanjra, M.A.; Qureshi, M.E. Global water crisis and future food security in an era of climate change. Food Policy 2010, 35, 365–377. [Google Scholar] [CrossRef]

	



Du, Y.-D.; Niu, W.-Q.; Gu, X.-B.; Zhang, Q.; Cui, B.-J.; Zhao, Y. Crop yield and water use efficiency under aerated irrigation: A meta-analysis. Agric. Water Manag. 2018, 210, 158–164. [Google Scholar] [CrossRef]

	



Dirwai, T.L.; Mabhaudhi, T.; Kanda, E.K.; Senzanje, A. Moistube irrigation technology development, adoption and future prospects: A systematic scoping review. Heliyon 2021, 7, e06213. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.O. Irrigation Tile. U.S. Patent No. 1,350,229, 17 August 1920. [Google Scholar]

	



Lamm, F.R.; Bordovsky, J.P.; Schwankl, L.J.; Grabow, G.L.; Enciso-Medina, J.; Peters, R.T.; Colaizzi, P.D.; Trooien, T.P.; Porter, D.O. Subsurface drip irrigation: Status of the technology in 2010. Trans. ASABE 2012, 55, 483–491. [Google Scholar] [CrossRef]

	



Umair, M.; Hussain, T.; Jiang, H.; Ahmad, A.; Yao, J.; Qi, Y.; Zhang, Y.; Min, L.; Shen, Y. Water-saving potential of subsurface drip irrigation for winter wheat. Sustainability 2019, 11, 2978. [Google Scholar] [CrossRef]

	



McHugh, A.D.; Bhattarai, S.; Lotz, G.; Midmore, D.J. Effects of subsurface drip irrigation rates and furrow irrigation for cotton grown on a vertisol on off-site movement of sediments, nutrients and pesticides. Agron. Sustain. Dev. 2008, 28, 507–519. [Google Scholar] [CrossRef]

	



Sutton, K.F.L.; Lanini, W.T.; Mitchell, J.P.; Miyao, E.M.; Shrestha, A. Weed control, yield, and quality of processing tomato production under different irrigation, tillage, and herbicide systems. Weed Technol. 2006, 20, 831–838. [Google Scholar] [CrossRef]

	



Sabe, M.; Pillinger, T.; Kaiser, S.; Chen, C.; Taipale, H.; Tanskanen, A.; Tiihonen, J.; Leucht, S.; Correll, C.U.; Solmi, M. Half a century of research on antipsychotics and schizophrenia: A scientometric study of hotspots, nodes, bursts, and trends. Neurosci. Biobehav. Rev. 2022, 136, 104608. [Google Scholar] [CrossRef]

	



Qin, Y.; Zhang, Q.; Liu, Y. Analysis of knowledge bases and research focuses of cerebral ischemia-reperfusion from the perspective of mapping knowledge domain. Brain Res. Bull. 2020, 156, 15–24. [Google Scholar] [CrossRef]

	



Li, T.; Baležentis, T.; Cao, L.; Zhu, J.; Kriščiukaitienė, I.; Melnikienė, R. Are the changes in China’s grain production sustainable: Extensive and intensive development by the LMDI approach. Sustainability 2016, 8, 1198. [Google Scholar] [CrossRef]

	



Yang, H.; Chen, W.; Chen, Y.; Zhang, F.; Yang, X. Assessing the impact of shallow subsurface pipe drainage on soil salinity and crop yield in arid zone. PeerJ 2021, 9, e12622. [Google Scholar] [CrossRef]

	



Wu, W.Y.; Hu, Y.Q.; Guan, X.Y.; Xu, L.J. Advances in research of reclaimed water irrigation in China *. Irrig. Drain. 2020, 69, 119–126. [Google Scholar] [CrossRef]

	



Small, H. Co-citation in scientific literature-new measure of relationship between 2 documents. J. Am. Soc. Inf. Sci. 1973, 24, 265–269. [Google Scholar] [CrossRef]

	



Zhu, Y.; Kim, M.C.; Chen, C. An Investigation of the Intellectual Structure of Opinion Mining Research. Inf. Res. Int. Electron. J. 2017, 22, 739. [Google Scholar]

	



Sheta, A.S.; Al-Omran, A.M.; Falatah, A.M.; Al-Harbi, A.R. Effect of clay deposits on physicochemical and intermittent evaporation characteristics of torripsamment. Arid. Land Res. Manag. 2006, 20, 295–307. [Google Scholar] [CrossRef]

	



Jia, Y.; Gao, W.; Sun, X.; Feng, Y. Simulation of soil water and salt balance in three water-saving irrigation technologies with HYDRUS-2D. Agronomy 2023, 13, 164. [Google Scholar] [CrossRef]

	



Nolz, R.; Loiskandl, W.; Kammerer, G.; Himmelbauer, M.L. Survey of soil water distribution in a vineyard and implications for subsurface drip irrigation control. Soil Water Res. 2016, 11, 250–258. [Google Scholar] [CrossRef]

	



Lamm, F.R.; Colaizzi, P.D.; Sorensen, R.B.; Bordovsky, J.P.; Dougherty, M.; Balkcom, K.; Zaccaria, D.; Bali, K.M.; Rudnick, D.R.; Peters, R.T. A 2020 Vision of subsurface drip irrigation in the U.S. Trans. ASABE 2021, 64, 1319–1343. [Google Scholar] [CrossRef]

	



Lamm, F.R.; Rogers, D.H. Longevity and performance of a subsurface drip irrigation system. Trans. ASABE 2017, 60, 931–939. [Google Scholar] [CrossRef]

	



Volschenk, T. Water use and irrigation management of pomegranate trees-A review. Agric. Water Manag. 2020, 241, 106375. [Google Scholar] [CrossRef]

	



El-Beltagi, H.S.; Hashem, F.A.; Maze, M.; Shalaby, T.A.; Shehata, W.F.; Taha, N.M. Control of gas emissions (N2O and CO2) associated with applied different rates of nitrogen and their influences on growth, productivity, and physio-biochemical attributes of green bean plants grown under different irrigation methods. Agronomy 2022, 12, 249. [Google Scholar] [CrossRef]

	



Irmak, S.; Mohammed, A.T.; Kukal, M.S. Maize response to coupled irrigation and nitrogen fertilization under center pivot, subsurface drip and surface (furrow) irrigation: Growth, development and productivity. Agric. Water Manag. 2022, 263, 107457. [Google Scholar] [CrossRef]

	



Hamad, A.A.A.; Wei, Q.; Wan, L.; Xu, J.; Hamoud, Y.A.; Li, Y.; Shaghaleh, H. Subsurface drip irrigation with emitters placed at suitable depth can mitigate N2O emissions and enhance Chinese cabbage yield under greenhouse cultivation. Agronomy 2022, 12, 745. [Google Scholar] [CrossRef]

	



Chen, C. CiteSpace: A Practical Guide for Mapping Scientific Literature; Nova Science Publishers: Hauppauge, NY, USA, 2016. [Google Scholar]

	



Li, S.; Tan, D.; Wu, X.; Degré, A.; Long, H.; Zhang, S.; Lu, J.; Gao, L.; Zheng, F.; Liu, X.; et al. Negative pressure irrigation increases vegetable water productivity and nitrogen use efficiency by improving soil water and NO3−-N distributions. Agric. Water Manag. 2021, 251, 106853. [Google Scholar] [CrossRef]

	



Bordovsky, J.P. Preplant and early-season cotton irrigation timing with deficit amounts using subsurface drip (SDI) systems in the Texas High Plains. Irrig. Sci. 2020, 38, 485–499. [Google Scholar] [CrossRef]

	



Lipan, L.; Carbonell-Pedro, A.A.; Cárceles Rodríguez, B.; Durán-Zuazo, V.H.; Franco Tarifa, D.; García-Tejero, I.F.; Gálvez Ruiz, B.; Cuadros Tavira, S.; Muelas, R.; Sendra, E.; et al. Can Sustained Deficit Irrigation Save Water and Meet the Quality Characteristics of Mango? Agriculture 2021, 11, 448. [Google Scholar] [CrossRef]

	



Li, X.; Ma, J.; Zheng, L.; Chen, J.; Sun, X.; Guo, X. Optimization of the Regulated Deficit Irrigation Strategy for Greenhouse Tomato Based on the Fuzzy Borda Model. Agriculture 2022, 12, 324. [Google Scholar] [CrossRef]

	



Schiavon, M.; Leinauer, B.; Serena, M.; Maier, B.; Sallenave, R. Plant growth regulator and soil surfactants’ effects on saline and deficit irrigated warm-season grasses: I. Turf quality and soil moisture. Crop. Sci. 2014, 54, 2815–2826. [Google Scholar] [CrossRef]

	



Resende, R.S.; Nascimento, T.; Carvalho, T.B.; Amorim, J.R.A.; Rodrigues, L. Reducing sugarcane irrigation demand through planting date adjustment in Alagoas State, Brazil. Rev. Bras. Eng. Agric. Ambient. 2021, 25, 75–81. [Google Scholar] [CrossRef]

	



Silva, A.L.B.D.O.; Pires, R.C.M.; Ribeiro, R.V.; Machado, E.C.; Blain, G.C.; Ohashi, A.Y.P. Development, yield and quality attributes of sugarcane cultivars fertigated by subsurface drip irrigation. Rev. Bras. Eng. Agric. Ambient. 2016, 20, 525–532. [Google Scholar] [CrossRef]

	



Elliott, M.L.; McInroy, J.A.; Xiong, K.; Kim, J.H.; Skipper, H.D.; Guertal, E.A. Taxonomic diversity of rhizosphere bacteria in golf course putting greens at representative sites in the Southeastern United States. HortScience 2008, 43, 514–518. [Google Scholar] [CrossRef]

	



Souza, C.F.; Bizari, D.R. Soil solution distribution in subsurface drip irrigation in sugarcane. Eng. Agric. 2018, 38, 217–224. [Google Scholar] [CrossRef]

	



Vishwakarma, D.K.; Kumar, R.; Kumar, A.; Kushwaha, N.L.; Kushwaha, K.S.; Elbeltagi, A. Evaluation and development of empirical models for wetted soil fronts under drip irrigation in high-density apple crop from a point source. Irrig. Sci. 2022, 1–24. [Google Scholar] [CrossRef]

	



Subbaiah, R. A review of models for predicting soil water dynamics during trickle irrigation. Irrig. Sci. 2013, 31, 225–258. [Google Scholar] [CrossRef]

	



Elmaloglou, S.; Diamantopoulos, E. The effect of intermittent water application by surface point sources on the soil moisture dynamics and on deep percolation under the root zone. Comput. Electron. Agric. 2008, 62, 266–275. [Google Scholar] [CrossRef]

	



Bin Zainal Abidin, M.S.; Shibusawa, S.; Ohaba, M.; Li, Q.; Bin Khalid, M. Capillary flow responses in a soil–plant system for modified subsurface precision irrigation. Precis. Agric. 2014, 15, 17–30. [Google Scholar] [CrossRef]

	



Pendergast, L.; Bhattarai, S.P.; Midmore, D.J. Benefits of oxygation of subsurface drip-irrigation water for cotton in a Vertosol. Crop. Pasture Sci. 2013, 64, 1171–1181. [Google Scholar] [CrossRef]

	



Zhu, Y.; Cai, H.; Song, L.; Wang, X.; Shang, Z.; Sun, Y. Aerated irrigation of different irrigation levels and subsurface dripper depths affects fruit yield, quality and water use efficiency of greenhouse tomato. Sustainability 2020, 12, 2703. [Google Scholar] [CrossRef]

	



Chen, X.; Dhungel, J.; Bhattarai, S.P.; Torabi, M.; Pendergast, L.; Midmore, D.J. Impact of oxygation on soil respiration, yield and water use efficiency of three crop species. J. Plant Ecol. 2011, 4, 236–248. [Google Scholar] [CrossRef]

	



Zhu, Y.; Dyck, M.; Cai, H.-J.; Song, L.-B.; Chen, H. The effects of aerated irrigation on soil respiration, oxygen, and porosity. J. Integr. Agric. 2019, 18, 2854–2868. [Google Scholar] [CrossRef]

	



Yang, M.D.; Leghari, S.J.; Guan, X.K.; Ma, S.C.; Ding, C.M.; Mei, F.J.; Wei, L.; Wang, T.C. Deficit subsurface drip irrigation improves water use efficiency and stabilizes yield by enhancing subsoil water extraction in winter wheat. Front. Plant Sci. 2020, 11, 508. [Google Scholar] [CrossRef]

	



Çetin, Ö.; Üzen, N.; Temiz, M.G.; Altunten, H. Improving cotton yield, water use and net income in different drip irrigation systems using real-time crop evapotranspiration. Pol. J. Environ. Stud. 2021, 30, 4463–4474. [Google Scholar] [CrossRef]

	



Mohammed, A.T.; Irmak, S. Maize response to coupled irrigation and nitrogen fertilization under center pivot, subsurface drip and surface (furrow) irrigation: Soil-water dynamics and crop evapotranspiration. Agric. Water Manag. 2022, 267, 107634. [Google Scholar] [CrossRef]

	



Ganjegunte, G.; Leinauer, B.; Schiavon, M.; Serena, M. Using electro-magnetic induction to determine soil salinity and sodicity in turf root zones. Agron. J. 2013, 105, 836–844. [Google Scholar] [CrossRef]

	



De Oliveira, L.A.; Woodbury, B.L.; de Miranda, J.H.; Stromer, B.S. Using electromagnetic induction technology to identify atrazine leaching potential at field scale. Geoderma 2020, 375, 114525. [Google Scholar] [CrossRef]

	



Chen, C. A glimpse of the first eight months of the COVID-19 literature on Microsoft academic graph: Themes, citation contexts, and uncertainties. Front. Res. Metr. Anal. 2020, 5, 607286. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.; Song, M. Visualizing a field of research: A methodology of systematic scientometric reviews. PLoS ONE 2019, 14, e0223994. [Google Scholar] [CrossRef]

	



Niu, W.; Guo, Q.; Zhou, X.; Helmers, M.J. Effect of aeration and soil water redistribution on the air permeability under subsurface drip irrigation. Soil Sci. Soc. Am. J. 2012, 76, 815–820. [Google Scholar] [CrossRef]

	



Al-Eter, A.L.I.; Nadeem, M.; Wahb-Allah, M.A.; Al-Harbi, A.R.; Al-Omran, A.M. Impact of irrigation water quality, irrigation systems, irrigation rates and soil amendments on tomato production in sandy calcareous soil. Turk. J. Agric. For. 2010, 34, 59–73. [Google Scholar]

	



Bern, C.R.; Breit, G.N.; Healy, R.W.; Zupancic, J.W. Deep subsurface drip irrigation using coal-bed sodic water: Part II. Geochemistry. Agric. Water Manag. 2013, 118, 135–149. [Google Scholar] [CrossRef]

	



Palacios-Diaz, M.D.P.; Fernández-Vera, J.R.; Hernández-Moreno, J.M.; Amorós, R.; Mendoza-Grimón, V. Effect of Irrigation Management and Water Quality on Soil and Sorghum bicolor Payenne Yield in Cape Verde. Agriculture 2023, 13, 192. [Google Scholar] [CrossRef]

	



Allende, A.; Monaghan, J. Irrigation water quality for leafy crops: A perspective of risks and potential solutions. Int. J. Environ. Res. Public Health 2015, 12, 7457–7477. [Google Scholar] [CrossRef]

	



Palacios-Díaz, M.P.; Mendoza-Grimón, V.; Fernández-Vera, J.R.; Rodríguez-Rodríguez, F.; Tejedor-Junco, M.T.; Hernández-Moreno, J.M. Subsurface drip irrigation and reclaimed water quality effects on phosphorus and salinity distribution and forage production. Agric. Water Manag. 2009, 96, 1659–1666. [Google Scholar] [CrossRef]

	



He Xinlin, L.H.; Jianwei, Y.; Guang, Y.; Mingsi, L.; Ping, G.; Aimaiti, A. Comparative Investigation on Soil Salinity Leaching under Subsurface Drainage and Ditch Drainage in Xinjiang Arid Region. Int. J. Agric. Biol. Eng. 2013, 9, 109–118. [Google Scholar]

	



Hanson, B.R.; May, D.E.; Simünek, J.; Hopmans, J.W.; Hutmacher, R.B. Drip irrigation provides the salinity control needed for profitable irrigation of tomatoes in the San Joaquin valley. Calif. Agric. 2009, 63, 131–136. [Google Scholar] [CrossRef]

	



Chase, C.A.; Stall, W.M.; Simonne, E.H.; Hochmuth, R.C.; Dukes, M.D.; Weiss, A.W. Nutsedge control with drip-applied 1,3-dichloropropene plus chloropicrin in a sandy soil. Horttechnology 2006, 16, 641–648. [Google Scholar] [CrossRef]

	



Sevostianova, E.; Leinauer, B.; Sallenave, R.; Karcher, D.; Maier, B. Soil salinity and quality of sprinkler and drip irrigated cool-season turfgrasses. Agron. J. 2011, 103, 1503–1513. [Google Scholar] [CrossRef]

	



Zamani, S.; Fatahi, R.; Provenzano, G. A comprehensive model for hydraulic analysis and wetting patterns simulation under subsurface drip laterals. Water 2022, 14, 1965. [Google Scholar] [CrossRef]

	



Yang, T.; Šimůnek, J.; Mo, M.; McCullough-Sanden, B.; Shahrokhnia, H.; Cherchian, S.; Wu, L. Assessing salinity leaching efficiency in three soils by the HYDRUS-1D and -2D simulations. Soil Tillage Res. 2019, 194, 104342. [Google Scholar] [CrossRef]

	



El-Nesr, M.N.; Alazba, A.A.; Šimůnek, J. HYDRUS simulations of the effects of dual-drip subsurface irrigation and a physical barrier on water movement and solute transport in soils. Irrig. Sci. 2014, 32, 111–125. [Google Scholar] [CrossRef]

	



Kandelous, M.M.; Šimůnek, J.; van Genuchten, M.T.; Malek, K. Soil water content distributions between two emitters of a subsurface drip irrigation system. Soil Sci. Soc. Am. J. 2011, 75, 488–497. [Google Scholar] [CrossRef]

	



Niu, W.-Q.; Fan, W.-T.; Persaud, N.; Zhou, X.-B. Effect of post-irrigation aeration on growth and quality of greenhouse cucumber. Pedosphere 2013, 23, 790–798. [Google Scholar] [CrossRef]

	



Chen, H.; Shang, Z.; Cai, H.; Zhu, Y. Irrigation combined with aeration promoted soil respiration through increasing soil microbes, enzymes, and crop growth in tomato fields. Catalysts 2019, 9, 945. [Google Scholar] [CrossRef]

	



Alam, M.; Trooien, T.P.; Dumler, T.J.; Rogers, D.H. Using subsurface drip irrigation for alfalfa. J. Am. Water Resour. Assoc. 2002, 38, 1715–1721. [Google Scholar] [CrossRef]

	



Wang, Y.D.; Kou, D.; Muneer, M.A.; Fang, G.J.; Su, D.R. The effects of irrigation regimes on soil moisture dynamics, yield and quality of Lucerne under subsurface drip irrigation. Appl. Ecol. Environ. Res. 2020, 18, 4179–4194. [Google Scholar] [CrossRef]

	



Zhang, Y.J.; Chang, T.T.; Guan, Y.L.; Shao, X.H.; Zhang, J.; Li, M.H. Soil Moisture Content, Soil Salinity And Water Use Efficiency Under Surface Drip and Flood Irrigation In Continuous Cropping Plastic Greenhouse of Eastern China. Fresenius Environ. Bull. 2018, 27, 6668–6676. [Google Scholar]

	



Qu, D.Y.; Wang, X.B.; Kang, C.P.; Liu, Y. Promoting agricultural and rural modernization through application of information and communication technologies in China. Int. J. Agric. Biol. Eng. 2019, 11, 1–4. [Google Scholar] [CrossRef]

	



Nolz, R.; Loiskandl, W. Evaluating soil water content data monitored at different locations in a vineyard with regard to irrigation control. Soil Water Res. 2017, 12, 152–160. [Google Scholar] [CrossRef]

	



Jadoon, K.Z.; Moghadas, D.; Jadoon, A.; Missimer, T.M.; Al-Mashharawi, S.K.; McCabe, M.F. Estimation of soil salinity in a drip irrigation system by using joint inversion of multicoil electromagnetic induction measurements. Water Resour. Res. 2015, 51, 3490–3504. [Google Scholar] [CrossRef]

	



Zhangzhong, L.L.; Yang, P.L.; Zheng, W.G.; Liu, Y.; Guo, M.J.; Yang, F.R. Effects of Drip Irrigation Frequency on Emitter Clogging using Saline Water for Processing Tomato Production. Irrig. Drain. 2019, 68, 464–475. [Google Scholar] [CrossRef]

	



Du, P.S.; Li, Z.Q.; Wang, C.C.; Ma, J.J. Analysis of the Influence of the Channel Layout and Size on the Hydraulic Performance of Emitters. Agriculture 2022, 12, 541. [Google Scholar] [CrossRef]

	



Wang, C.C.; Li, Z.Q.; Ma, J.J. Influence of Emitter Structure on Its Hydraulic Performance Based on the Vortex. Agriculture 2021, 11, 508. [Google Scholar] [CrossRef]

	



Cai, Y.; Wu, P.; Zhu, D.; Zhang, L.; Zhao, X.; Gao, X.; Ge, M.; Song, X.; Wu, Y.; Dai, Z. Subsurface irrigation with ceramic emitters: An effective method to improve apple yield and irrigation water use efficiency in the semiarid Loess Plateau. Agric. Ecosyst. Environ. 2021, 313, 107404. [Google Scholar] [CrossRef]

	



Yadav, A.; Sharma, N.; Upreti, H.; Singhal, G.D. Techno-economic analysis of irrigation systems for efficient water use in the backdrop of climate change. Curr. Sci. 2022, 122, 664–673. [Google Scholar] [CrossRef]

	



Ma, X.; Sanguinet, K.A.; Jacoby, P.W. Direct root-zone irrigation outperforms surface drip irrigation for grape yield and crop water use efficiency while restricting root growth. Agric. Water Manag. 2020, 231, 105993. [Google Scholar] [CrossRef]

	



Lamm, F.R. Cotton, Tomato, corn, and onion production with subsurface drip irrigation: A review. Trans. ASABE 2016, 59, 263–278. [Google Scholar] [CrossRef]

	



Badr, M.A.; Abou Hussein, S.D.; El-Tohamy, W.A.; Gruda, N. Efficiency of subsurface drip irrigation for potato production under different dry stress conditions. Gesunde Pflanz. 2010, 62, 63–70. [Google Scholar] [CrossRef]

	



Trejo, J.A.M.; Aguiluz, H.W.A.; Ramirez, J.O.; Lopez, A.R.; Gonzalez, M.R.; Rangel, P.P.; Trejo, I.D.M.; Castruita, M.A.S.; Vidal, J.A.O.; Coronado, P.Y. Water use in alfalfa (Medicago sativa) with subsurface drip irrigation. Rev. Mex. de Cienc. Pecu. 2010, 1, 145–156. [Google Scholar]

	



Diotto, A.V.; Irmak, S. Embodied energy and energy return on investment analyses in maize production for grain and ethanol under center pivot, subsurface drip, and surface (furrow) irrigation with disk tillage and no-till practices. Trans. ASABE 2016, 59, 873–884. [Google Scholar] [CrossRef]








[image: Agriculture 13 01463 g001 550] 





Figure 1. Schematic diagram of four different irrigation methods. 
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Figure 2. Annual circulation of publications. 
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Figure 3. Author co-occurrence map for authors producing literature relating to SDI. 
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Figure 4. Keyword co-occurrence map displaying the most frequently used words associated with SDI research. 
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Figure 5. Keywords timeline clustering map for keywords relating to SDI research. 
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Figure 6. Top 11 keywords relating to SDI with the strongest citation bursts over the period between 2002 and 2022. 






Figure 6. Top 11 keywords relating to SDI with the strongest citation bursts over the period between 2002 and 2022.



[image: Agriculture 13 01463 g006]







[image: Agriculture 13 01463 g007 550] 





Figure 7. Reference clustering according to time. 
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Table 1. Publication volume per country.
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	Rank
	Number of

Papers
	Percentage

%
	Centrality
	Burst
	Country





	1
	386
	35.78
	0.57
	28.42
	USA



	2
	241
	22.34
	0.17
	
	China



	3
	73
	6.77
	0.25
	
	Spain



	4
	72
	6.67
	0.12
	5.67
	Brazil



	5
	56
	5.19
	0.07
	4.02
	Egypt



	6
	48
	4.45
	0.12
	3.68
	Israel



	7
	47
	4.35
	0.08
	
	India



	8
	46
	4.25
	0.14
	
	Iran



	9
	45
	4.15
	0.04
	8.08
	Australia



	10
	40
	3.70
	0.02
	
	Turkey



	11
	40
	3.70
	0.14
	
	Saudi Arabia



	12
	28
	2.59
	0.11
	
	Italy



	13
	23
	2.13
	0.00
	3.68
	Canada



	14
	19
	1.76
	0.10
	
	Germany



	15
	17
	1.57
	0.06
	4.05
	Greece



	16
	15
	1.39
	0.01
	
	Pakistan



	17
	14
	1.29
	0.09
	
	England



	18
	14
	1.29
	0.10
	
	South Africa



	19
	13
	1.20
	0.14
	
	France



	20
	13
	1.20
	0.13
	
	Portugal
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Table 2. Top 12 institutions with the largest number of publications in SDI research.
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	Frequency
	Centrality
	Burst
	Institution





	103
	0.25
	7.27
	US Department of Agriculture Agricultural Research Service



	49
	0.01
	9.74
	Northwest A&F University



	34
	0.04
	
	University of California, Davis



	30
	0.06
	
	China Agricultural University



	28
	0.07
	
	Chinese Academy of Science



	27
	0.04
	4.78
	University of Arizona



	26
	0.08
	
	University of California, Riverside



	24
	0.02
	5.04
	Texas A&M University



	22
	0.04
	
	Ben Gurion University of the Negev



	22
	0.03
	
	King Saud University



	21
	0.02
	
	China Institute of Water Resources and Hydropower Resources



	20
	0.02
	
	Kansas State University
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Table 3. Statistical analysis of keyword information in review articles.
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	Tags
	Keywords
	Count





	Irrigation method
	subsurface drip irrigation × 9; irrigation × 6; micro irrigation × 5; irrigation methods × 4; trickle irrigation × 3; deficit irrigation × 3; drip irrigation × 3; irrigation systems × 2; SDI × 2; sprinkler irrigation × 2; surface irrigation × 2; limiting flow; furrow irrigation; spray irrigation; subsurface irrigation
	45



	Soil moisture distribution and changes
	water-table; soil moisture distribution pattern; wetting pattern; transport; drying-rewetting frequency; soil water; water movement; hydraulic conductivity; integrated water; variably saturated flow; one dimensional infiltration; surface point source; dependent linearized infiltration; unsaturated hydraulic conductivity; steady state flows; groundwater; soil water potential; soil water potential threshold; soil hydraulic properties; root water uptake; soil management; root distribution; root water; root zone water; fine root; sorption; evapotranspiration;
	27



	Environmental issues and pollution
	microbial contamination; environmental health; microbial activity; oxide emissions; denitrification; nitrogen-fixation; similarity solutions; soil properties; heavy metals; boron toxicity; steady state; excess boron; chemigation; soil contamination; pathogens; health risks; soil contamination; ammonia volatilization; N2O; CO2; CH4; C2H2
	22



	Crop
	lettuce; cotton; wheat cropping system; winter-wheat; rice; grassland soils; pomegranate; tomato root distribution; cropping systems; cotton; sugarcane; plant; vitis vinifera; wine; plant growth; plant conditioners; corn; interspecific interaction; niche differentiation; plant breeding; plant roots; winter wheat
	22



	New technologies
	remote sensing × 3; discharge rate; technical parameters; wireless sensor networks; soil-moisture; precision agriculture; screenhouse; automation; innovation and technology; low energy precision application; tensiometer; soil water potential sensor; walled carbon nanotubes; ground penetrating radar; electrical conductivity
	17



	Water use efficiency
	water use efficiency × 7; water saving × 2; water requirements; water use productivity; crop water productivity; water use; crop productivity; water productivity; water resources
	16



	Nonconventional water resource utilization
	treated wastewater × 3; water quality; wastewater reuse; low quality water; virtual water; unconventional water resources; site waste water; wastewater; salinity; soil salinity; nonuniform transient salinity; coal salt tolerance; n-mineralization
	15



	Yield
	Yield × 3; crop production × 2; aril colour; fruit quality; plant growth; physical properties; waste of water and feed; crop quality; yield response; grain-yield
	13



	Irrigation strategy and management
	water management × 3; management; management strategies; irrigation management strategies; design; operation systems; irrigation schemes; irrigation management × 2; irrigation scheduling
	12



	Agricultural development
	Sustainability × 3; conservation agriculture × 2; protected cultivation; residue management; zero tillage; cereal system; sustainable irrigation; agriculture
	11



	Climate change and water resources
	climate change × 3; groundwater depletion; drought; environmental impact; micro-climate regulation; heat stress; temperature
	9



	Region and terrain
	coastal-plain; India; basin tillage; ceramic pots; sub-Sahara; ogalla aquifer; indo-gangetic plains of India
	7



	Fertilizers and nutrition
	Fertigation × 2; controlled release fertilizers; macronutrients; nutrients; nutrient source
	6



	Economic benefits
	payoff period; runoff; water pricing and rationing
	3



	Others
	LEPA; uniformity; prisma-p; semi-permeable membrane; nitrogen isotope; semifield; conservative numerical-solution; finite-element method; conservative numerical-solution; finite-element method, meta-analysis; bibliometric analysis; Green-ampt analysis
	13
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Table 4. Top 30 most frequently cited keywords used in literature pertaining to SDI.
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	Rank
	Count
	Centrality
	Burst
	Keyword





	1
	380
	0.02
	
	subsurface drip irrigation



	2
	244
	0.06
	
	yield



	3
	174
	0.05
	
	water use efficiency



	4
	170
	0.11
	
	drip irrigation



	5
	161
	0.06
	
	growth



	6
	155
	0.10
	
	management



	7
	151
	0.17
	
	soil



	8
	122
	0.06
	
	water



	9
	117
	0.06
	
	deficit irrigation



	10
	113
	0.09
	
	quality



	11
	93
	0.08
	
	use efficiency



	12
	88
	0.05
	
	system



	13
	71
	0.10
	
	irrigation



	14
	67
	0.05
	
	model



	15
	66
	0.10
	
	nitrogen



	16
	61
	0.08
	
	crop



	17
	59
	0.07
	
	subsurface drip



	18
	55
	0.05
	
	corn



	19
	53
	0.01
	
	simulation



	20
	51
	0.07
	
	surface



	21
	48
	0.05
	
	cotton



	22
	44
	0.04
	
	fruit quality



	23
	43
	0.04
	
	dynamics



	24
	43
	0.03
	
	field



	25
	43
	0.07
	
	subsurface



	26
	41
	0.07
	
	evapotranspiration



	27
	41
	0.04
	
	hydraulic conductivity



	28
	39
	0.05
	
	stress



	29
	38
	0.03
	5.36
	flow



	30
	35
	0.13
	5.48
	furrow irrigation
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Table 5. Publications on SDI with high co-citation frequencies.
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	Frequency
	Centrality
	Burst
	Author
	Source
	Year





	29
	0.05
	10.43
	Ayars, J.E.
	Agr. Water Manag.
	2015



	25
	0.00
	10.27
	Lamm, F.R.
	Trans. ASABE
	2016



	19
	0.01
	6.66
	Ben-Noah, I.
	Agr. Water Manag.
	2016



	18
	0.08
	6.36
	Simunek, J.
	Vadose Zone J.
	2016



	17
	0.02
	5.29
	Du, Y.D.
	Agr. Water Manag.
	2018



	16
	0.00
	7.49
	Li, Y.
	Soil Sci. Soc. Am. J.
	2016



	15
	0.25
	7.40
	Kandelous, M.M.
	Agr. Water Manag.
	2010



	15
	0.17
	5.24
	Irmak, S.
	Irrig. Sci.
	2016



	13
	0.15
	4.04
	Cai, Y.H.
	Agr. Water Manag.
	2017



	13
	0.24
	7.93
	Lamm, F.R.
	Irrig. Sci.
	2003



	11
	0.22
	5.65
	Simunek, J.
	Vadose Zone J.
	2008



	10
	0.20
	4.40
	Dabach, S.
	Agr. Water Manag.
	2015



	10
	0.11
	5.79
	Gardenas, A.I.
	Agr. Water Manag.
	2005



	8
	0.22
	4.79
	Kandelous, M.M.
	Soil Sci. Soc. Am. J.
	2011



	6
	0.21
	3.13
	Payero, J.O.
	Agr. Water Manag.
	2006



	6
	0.13
	3.59
	Kandelous, M.M.
	Agr. Water Manag.
	2012



	4
	0.15
	
	Thompson, T.L.
	Soil Sci. Soc. Am. J.
	2002



	4
	0.20
	
	Ajdary, K.
	Agr. Water Manag.
	2007



	4
	0.13
	
	Evett, S.R.
	Agr. Water Manag.
	2002



	3
	0.22
	
	Abou Lila, T.S.
	Irrig. Sci.
	2013



	3
	0.12
	
	Bekele, S.
	Agr. Water Manag.
	2007



	3
	0.11
	
	Selim, T.
	Soil Sci. Soc. Am. J.
	2013



	2
	0.12
	
	Thompson, T.L.
	Soil Sci. Soc. Am. J.
	2002
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