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Agricultural mulch film (AMF) can increase the soil temperature, reduce the evaporation of water and soil erosion, control the number of weeds and pests, and improve the yield and quality of crops. However, the environmental pollution caused by AMF residues is becoming serious and has attracted increasing amounts of research. Research on AMF is a complex subject with diverse content and rich perspectives. Currently, there have been few systematic reviews of the use of AMF. To comprehensively and deeply understand the current status, hotspots, and trends of research on AMF, this paper conducted a bibliometric analysis of AMF literature from 1960 to 2022. Results are as follows: the overall publication volume in the field of AMF has increased 1960 to 2022. The top three countries contributing to publication volume include China, United States (US) and India, which are also the main collaborating nations. Notably, cooperation between China and US is the most frequent, and a cluster constituted by European nations serve as a primary collaborator for other countries. Owing to the introduction and development of the concept of degradable plastics, the field entered a period of rapid growth after 1970 and has primarily focused on continuous development in the areas of horticulture and environmental science. Current research on AMF primarily aims to: 1) develop applications that are aimed at enhancing the yield and quality of crops, and 2) improve the materials used to produce AMF to reduce its environmental impact. The persistent hotspots of research in AMF revolve around modifying the soil microclimate, promoting crop growth and development, and increasing crop yields. Frontier AMF research includes: exploring crop quality enhancement mechanisms, developing low-cost biodegradable film technologies and their natural degradation effects, and investigating AMF’s impact on soil nitrous oxide emissions and associated mechanisms.
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1 INTRODUCTION
The rapid expansion of the population presents a substantial challenge to the adoption of effective and sustainable agricultural practices, given the constraints of limited arable land (Kahraman et al., 2022). Agricultural mulch film (AMF) can increase the soil temperature, reduce the evaporation of soil moisture and erosion, prevent the soil from splashing onto fruits or vegetables, aid in weed and pest control (Sintim and Flury, 2017), and significantly shorten the time of development of seeds and fruits (Steinmetz et al., 2016). These benefits enhance the yield and quality of crops, which results in its use as a rapidly advancing and widely adopted technology in agriculture.
The materials and negative impact of AMF on soil nutrients has attracted global attention. The composition of AMF varies. Early versions were primarily made of low-density polyethylene (PE), which is not easily biodegradable. Owing to frequent soil contamination and easy breakage, PE mulch film is rarely recycled. As a result, it is often abandoned in the soil or directly burned in the fields, which lead to severe environmental pollution. PE mulch film in the soil degrades into fragments, and these fragments break down further into microplastics. Crops, such as wheat (Triticum aestivum) and lettuce (Lactuca sativa), can absorb microplastics through their cracks (Li et al., 2020). Therefore, microplastics can be transferred to the human body through crops, which poses a threat to human health, and plastic fragments from all sources ultimately accumulate in the oceans (Zhou et al., 2022), which endangers the entire ecosystem. When residual mulch film is burned, it generates organic pollutants, such as furans and dioxins, that cause atmospheric pollution (Jayasekara et al., 2005). Dioxins, in particular, are highly carcinogenic and can disrupt the function of endocrines within the body (Wang et al., 2023). Numerous studies have investigated the use of AMF from an environmental perspective (Kasirajan and Ngouajio, 2012; Qi et al., 2020; Menossi et al., 2022). To reduce their environmental impact, subsequent developments include the use of polylactic acid (PLA), polybutylene succinate (PBS), polyethylene succinate (PES), thermoplastic starch (TPS), and various mixed-material mulch films. While AMF enhances crop productivity, it increases the biological degradation of crop residues and the soil organic matter. This is considered a trigger for the rapid depletion of soil nutrients, particularly carbon reserves, which can potentially lead to a decrease in soil quality and hinder the soil’s ability to serve its intended purposes (Domagała-Świątkiewicz and Siwek, 2013; Zhang et al., 2015).
The global usage of greenhouse film and mulching increased from 4.4 million tons in 2012 to 7.4 million tons in 2019, which represents an increase of 69% (Somanathan et al., 2022). China has the largest coverage system for AMF in the world. In 2018, the consumption of PE mulch film reached 1.4 million tons and covered an area that exceeded 17.8 million ha and constituted 15% of the nation’s arable land (Liu et al., 2021). Properly managing the environmental pollution caused by PE mulch film is crucial for China and the global community. Understanding the current environmental impact of AMF and identifying other critical issues that urgently require solutions is essential. A comprehensive understanding of the status of current research and frontier directions regarding AMF is necessary to address and resolve these issues. Owing to the complexity of the research object, diverse study contents, and rich perspectives in AMF research, there has yet to be a comprehensive literature review that utilizes bibliometrics. This field entails a bibliometric analysis of the scientific literature. It can address the issues discussed above and assist scholars in understanding the current research status and frontier directions (Ma et al., 2021). Simultaneously, bibliometrics can overcome the subjective errors caused by the limited literature on materials in traditional retrospective studies, which results in more objective and impartial evaluations of the field (Sun et al., 2022).
This study is based on the AMF data from the Web of Science database and utilized CiteSpace and VOSviewer software for its bibliometric analysis. The study sought to evaluate the global distribution of countries/regions, institutions, authors, and journals in the field of AMF, aiming to elucidate its current developmental status, research hotspots, and emerging trends comprehensively. Summarizing research on AMF enables researchers to grasp the overall level and research directions of this field, laying the foundation for further research and application development.
2 DATA SOURCES AND METHODS
The Web of Science (WOS) Core Collection database was used for retrieval. The database of Science Citation Index Expanded is an important database in WOS, and literature were collected from this database. The information was retrieved from two aspects, including agricultural plastic film and agricultural biodegradable film. The search formula comprised three parts with keywords as described in Table 1. The content within each part is connected by OR, and the three parts are linked by AND. The retrieval targets were the title and abstract of publications, with the title and abstract connected by OR. The period of retrieval spanned from the establishment of the database to 31 December 2022. A total of 6,012 relevant literature items were retrieved. The WOS database documents were selected in the Full Record and Cited Reference modes and exported in the Plain Text File format. The data were then deduplicated using CiteSpace software, and the articles, reviews, and proceedings papers were retained. This process yielded a dataset of 5,760 documents that spanned from 1960 to 2022.
TABLE 1 | Identification and grouping of the keywords.
[image: Table 1]Based on the results of the literature search, the annual publication count, journals of publication, countries of origin, affiliations, authors, current status, hotspots, and frontiers in the field of AMF were analyzed from 1960 to 2022. In the collaboration network, nodes with a betweenness centrality that exceeded 0.1 were considered important because they serve crucial bridging roles. The calculation is represented by Formula 1 as follows (de Castilhos Ghisi et al., 2020):
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where Pjk denotes the number of shortest paths from node j to node k, and Pjk(i) is the number of paths that pass through node i.
The temporal span for the keyword co-occurrence, clustering, and evolution was divided into three stages. Considering that some publications before 1990 may lack author keywords, the starting point for the time span was set at 1990. The first stage covered the years 1990-2000; the second stage spanned 2001-2011, and the third stage extended from 2012 to 2022. Each stage was independently analyzed and visualized on a timeline map. The time slices were set at 1 year. A clustering analysis of the literature was conducted using the log-likelihood rate (LLR) method, and the keywords (K) were extracted for cluster naming. By summarizing the changes in hotspots depicted in the timeline, an overview of the research landscape for AMF is presented. The intersection of cluster keywords and hotspots keywords in all three stages is considered to be the research hotspots for AMF. The hotspots identified in the third stage represent the current state of research in AMF. Those hotspots that emerged in the third stage but were not present in the preceding two stages are deemed as the frontier directions in the study of AMF. The statistical analysis of this study was conducted using CiteSpace software and the R package Bibliometrix. Visualization maps were generated using CiteSpace, VOSviewer, and Scimago Graphica software. The overall analytical workflow is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Flowchart of the bibliometric analysis.
3 RESULTS AND DISCUSSION
3.1 Analysis of publications and journals
The logical curve growth theory in the scientific literature indicates that the early stage of a cumulative document count follows an exponential pattern of growth. However, in the middle to later stages, the rate of growth starts to decrease, deviates from the exponential trajectory and moves towards a more gradual increase (Price, 1963). The volume of publications on AMF increased overall from 1960 to 2022. The cumulative publication count revealed that from 1960 to 1969, the research field of AMF was in its initial stage of exploration and was still in continuous exploration with limited scholarly literature. From 1960 to 1969, a total of 13 articles had accumulated. From 1970 to 2022, the research field of AMF entered a rapid stage of development and displayed an exponential growth trend. The publication count increased annually and reached a cumulative total of 5,747 articles (Figure 2). The rapid development phase in the research field might be attributed to the discovery of new significant research directions, which has garnered increased attention. The initiation of the rapid stage of development in AMF research is likely to be linked to the conceptualization of degradable plastics in the 1970s by developed countries, such as Europe, the United States (US), and Japan. Scientists worldwide subsequently engaged in the development of photodegradable and biodegradable polymeric film materials. This influx of innovative materials garnered increased attention from researchers and propelled the field of AMF research into a phase of rapid expansion.
[image: Figure 2]FIGURE 2 | The annual and cumulative publications from 1960 to 2022.
This study presents a statistical analysis of journals publishing research related to AMF. Our findings reveal that 5,760 articles on this topic have been published across 1,124 journals. The top 10 journals are listed in Table 2. The journals that rank high in citation per paper strongly correlated with the agricultural environment and soil-water issues, which underscores the intimate connection between the AMF field and these aspects. Simultaneously, the majority of the top 10 journals by publication count are prestigious English journals with high international visibility, which signifies the substantial influence and positions of the field of AMF.
TABLE 2 | The top 10 journals in the field of agricultural mulch film.
[image: Table 2]3.2 Analysis of the countries, institutes and authors
To comprehend the varying levels of interest in the field of AMF research across different countries, the publication count and related collaborations were analyzed statistically. Among the top 10 countries by publication count, there were three Asian countries, three American countries, four European countries, and one Oceanian country. China and the US had the most active research programs in the field of AMF (Table 3). An examination of the average citation per paper provides insights into the quality of the contributions of a country to the field. The top three countries in terms of average citation per paper were Germany (62.10), Australia (43.24), and Canada (38.77), which indicated that papers in the field of research on AMF produced by these nations were higher quality. Figure 3 depicts the variation in the annual publication count for the top 10 countries by publication count. This Figure clearly shows that among the top 10 countries, the US was the first to publish in this area, followed by Canada and Japan. In this field, the first article was “Fertilizer Packets, Fertilizer Tablets, and a Plastic Mulch Method for Flower Production of Field Grown Roses,” authored by G. H. Snyder and T. W. Young from the University of Florida (Gainesville, FL, USA). In the case of the US, not only did it publish early in the field; it has consistently had a strong focus on the AMF field, with its publication count showing relatively stable growth over time. While China entered the publication scene later, it rapidly caught up, and it had rapid annual growth in its publication counts. By 2022, China had become the country with the highest publication count, aligned its level of attention with that of the US, and maintained a high level of research in this field. In terms of international collaboration, Figure 4 revealed that China, the US, Australia, and Canada are the main collaborative partners. Among them, China and the US collaborate the most frequently. Europe has formed a network of countries involved in AMF research and serves as a major collaborative hub for other nations. Notably, the US, China, Germany, the United Kingdom, Spain, Australia, and Italy emerged as important nodes (with betweenness centrality values of 0.38, 0.26, 0.18, 0.17, 0.17, 0.11, and 0.11, respectively). These countries contribute significantly to research on AMF, maintain some level of authority, and play a crucial role in facilitating collaborations with other nations.
TABLE 3 | The top 10 countries in the field of agricultural mulch film.
[image: Table 3][image: Figure 3]FIGURE 3 | Changes in the Top10 countries in terms of publication volume.
[image: Figure 4]FIGURE 4 | The co-authorship network map of countries. Node size, the publication count of each country. Connections between nodes, collaborations among countries. The color gradient from yellow to red, the strength of collaboration. Nodes closer to red, higher collaboration intensity. Nodes closer to yellow, lower collaboration intensity. Width of the connections between nodes, strength of collaboration. Wider connections, more frequent collaboration. Narrower connections, less frequent collaboration.
In addition to countries, a more granular understanding of the AMF research field can be obtained by analyzing the data related to institutions and authors. Table 4 lists the top 10 institutions in the field based on publication count. The top 10 institutions include six from China and four from the US. The Chinese Academy of Sciences (Beijing, China) was the institution that had the highest publication count. It contributed 334 articles, which comprised 5.80% of the total 5,760 articles. The second position was held by Northwest A&F University (Xianyang, China), with 314 articles that constituted 5.45%, and the third position was occupied by the United States Department of Agriculture (USDA) (DC, USA), with 238 articles that represented 4.13%. In terms of local average citation per paper, the institution that ranked first was Lanzhou University (Lanzhou, China), with an average citation of 47.48. The second position was held by the University of California (CA, USA) system, with an average citation of 41.28, and the third position was occupied by China Agricultural University (Beijing, China), with an average citation of 36.04.
TABLE 4 | The top 10 institutes in the field of agricultural mulch film.
[image: Table 4]To enhance the visualization of collaboration between institutions, a collaborative network map was created using CiteSpace. Figure 5A represents the collaborative network map among institutions. The map clearly shows that institutions with higher publication counts tend to collaborate more frequently with other institutions, such as the Chinese Academy of Sciences, Northwest A&F University, Ministry of Agriculture Rural Affairs (Beijing, China), and China Agricultural University. The Chinese Academy of Sciences exhibits a relatively high betweenness centrality (0.15), which indicates that there is substantial influence within this collaborative network. Thus, it serves as a significant entity that bridges collaborations with other institutions. While some institutions and companies may not have the highest publication counts, their publications are relatively high quality and have been highly cited at certain stages. Examples include the University of Alberta (Edmonton, Alberta, Canada), Dow Chemical Company (Midland, MI, USA), and Iowa State University (Ames, IA, USA). Figure 5B presents the burstiness information for the top 25 institutions, where burstiness reflects the attention an institution has received in this field. An examination of the temporal aspects showed that Gansu Agricultural University (Lanzhou, China), the University of Minnesota System (MN, USA), and the Gansu Academy of Agricultural Sciences (Lanzhou, China) have garnered considerable attention in recent years. The top three institutions that have the highest intensity of burstiness are the USDA, State University System of Florida (FL, USA), and the University of Granada (Granada, Spain). This suggests that these three institutions have attracted the most attention over the entire timeframe.
[image: Figure 5]FIGURE 5 | Co-occurrence analysis of the research institutions. (A) Node size, the publication count of each institution; color gradient, the publication time of the institutions. Closer proximity to deep yellow, earlier publication times; closer proximity to green, later publication times. Additionally, institutions highlighted in red signify periods of high citation impact. (B) The year indicates the time of the institution’s appearance, and the strength represents the intensity of the burst. Begin, year when the burst begins; End, year when the burst ends. Light blue bar, the institution has not yet burst onto the scene; dark blue bar, institutions are beginning to appear; red bar, period of the burst. A longer the red bar, the institution has been cited for a longer duration.
Table 5 displays the top 10 authors based on their publication count. In the 5,760 articles related to AMF research, there were 19,720 authors in total. Jia Zhikuan emerged as the most prolific author, with Li Fengmin and Kadambot H.M. Siddique ranked second and third, respectively. Among the top 10 authors, six are from China, which indicates that Chinese researchers have devoted significant attention and substantial contributions to the field of AMF on the international stage. The top three researchers have a relatively consistent focus on the theory and technology of dryland cultivation within the field of AMF research. This concentration underscores the importance of AMF for enhancing crop yields, particularly in arid regions. Clustering based on collaboration among the authors formed 10 smaller groups. The research group that is centered around Kadambot H.M. Siddique collaborated the most frequently and has emerged as a central cooperative entity in the AMF research field. The group of Li Fengmin is also a frequent collaborator with other groups, while that of Jia Zhikuan, although slightly larger, engages in relatively fewer collaborations. In the field of AMF, there are authors who have consistently focused on cultivating expertise, including Li Fengmin, Wang Dong, and Qin Ruijun among others. Additionally, emerging researchers, such as Chang Lei, Fan Junliang, Dong Qinge, and others, continually contribute to this field (Figure 6).
TABLE 5 | The top 10 authors in the field of agricultural mulch film.
[image: Table 5][image: Figure 6]FIGURE 6 | Research author cooperation map. (A) Nodes of the same color are grouped together and considered as a collaborative team, while different colors indicate different collaborative teams. (B) The color represents the average time of overall research for the nodes. The closer to yellow, the closer the average research time is to 2021, while the closer to purple, the closer the average research time is to 2017.
3.3 Analysis of the current research status
The frequency of keywords can reflect the current research dynamics and hot topics. From 1960 to 2022, the top 10 most frequently mentioned keywords in the entire time period were “Yield” (mentioned in 637 articles), “Growth” (576), “Soil” (466), “Degradation” (420), “Temperature” (382), “Water use efficiency” (382), “Management” (339), “Plastic mulch” (301), “Loess plateau” (290), and “Water” (268). Crop yield and growth are the primary focus, followed by efforts to improve the soil temperature and enhance the efficiency of utilizing water resources. Additionally, environmental concerns related to AMF are also receiving significant attention (Table 6; Figure 7). In 1956, AMF was discovered to increase the soil temperature, promote the growth and development of crops, and enable earlier harvesting (Clarkson, 1956). Research on the effects of AMF on other crops has gradually increased, which has continuously confirmed its role in increasing yields. Examples of crops that have benefitted from its use include sweet corn (Zea mays) (Miller and Bunger, 1963) and eggplant (Solanum melongena) (Pollack et al., 1969), cantaloupe (Cucumis melo var. cantalupensis) (Schales and Sheldrake Jr, 1966), chili pepper (Capsicum annuum) (Stephenson and Bergman, 1963), potato (S. tuberosum) (Henninger et al., 1977), tomato (Solanum lycopersicum) (Jones and Jones, 1978), cucumber (Cucumis sativa) (Paterson, 1980), summer squash (Cucurbita pepo) (Bhella and Kwolek, 1984), okra (Abelmoschus esculentus) (Brown et al., 1986), and watermelon (Citrullus lanatus) (Bhella, 1986) among others.
TABLE 6 | The top 10 frequently mentioned keywords in the field of agricultural mulch film.
[image: Table 6][image: Figure 7]FIGURE 7 | Frequency distribution of keywords.
The keywords “Degradation,” “Management,” and “Plastic mulch” indicate that in the field of AMF, researchers are not only focusing on the advantages of AMF but also noting its drawbacks. The drawback of AMF lies in its primary material, which is non-degradable plastic. This type of plastic could potentially harm the environment. The primary components of AMF include polyvinyl chloride (PVC), polypropylene (PP), and PE that are polymers based on petroleum that are resistant to biological degradation. The amount of time it takes for them to degrade under natural conditions can potentially exceed 450 years. Residual AMF in the soil reduces the soil porosity, decreases soil moisture content, and increases the soil bulk density among others (Qi et al., 2020). Ultimately, in the form of microplastics, it returns to humans through in the form of microplastics that are absorbed by the plant, which pose a threat to human health (Li et al., 2020; Wang et al., 2022). In the 1970s, the concept of degradable plastics was introduced by countries, such as the US, which led to active research and development of biodegradable AMF (Otey et al., 1976). The promotion and application of biodegradable AMF holds promise for addressing the environmental pollution caused by conventional AMF (Liu et al., 2021).
The high frequency of the keyword “Loess plateau” indicates extensive application of AMF in this region. This is attributed to the location of Loess Plateau in a semi-arid to semi-humid climate zone, which experiences more rainfall in the summer and autumn and less in the winter and spring. The plateau faces severe soil erosion, which renders it an ecologically vulnerable and the key area of soil conservation in China. AMF helps to reduce the evaporation of soil moisture. Simultaneously, water moves from the deeper soil layers to the surface through capillary action and water vapor transport and maintains a relatively stable content of moisture in the surface soil. This alleviates water loss issues in the region to some extent. Moreover, solar energy penetrates the AMF, which heats the air and soil beneath. Owing to the greenhouse effect, heat is efficiently retained in the soil, which effectively raises the soil temperature and facilitates the successful overwintering of crops. The application and development of AMF in the cultivation of winter crops enables no-till practices in the autumn and spring. This helps to preserve the soil structure of the tillage layer and efficiently utilize the natural precipitation in the autumn. Simultaneously, it enhances vegetation cover in the autumn and spring, which reduces the sources of dust and contributes to the protection of environment (Wancang et al., 2006).
A timeline map of keywords can illustrate the temporal span and evolutionary history of clustered hotspots, which reveals the interrelatedness among these hotspots. It effectively reflects the overall research hotspots and evolutionary processes within a particular field. The timeline of AMF research from 1990 to 2022 is divided into three phases. There were 10 clusters from 1990 to 2000, six clusters from 2001 to 2011, and six clusters from 2012 to 2022. The number of keywords in each cluster and their co-occurrence increased over time. This indicates that with the annual development of the field of AMF field, the research directions have gradually become more focused, and the research has progressively deepened (Figures 8–10).
[image: Figure 8]FIGURE 8 | Map of the timeline of the evolution and clustering of keywords (1990–2000).
[image: Figure 9]FIGURE 9 | Map of the timeline of the evolution and clustering of keywords (2001–2011).
[image: Figure 10]FIGURE 10 | Map of the timeline of the evolution and clustering of keywords (2012–2022).
The clusters from 1990 to 2000 were as follows: #0 volatilization, #1 fresh market tomatoes, #2 behavior, #3 plants, #4 zea mays, #5 optimum range, #6 capsicum annuum, #7 soil solarization, #8 lycopersicon esculentum, and #9 transparent mulch. As shown in Figure 8, it is apparent that keywords, such as temperature in cluster #0, nitrogen in #1, growth in #3, soil in #4, yield in #5, polyethylene mulching in #7, and tomato in #9, receive significant attention.
Combined with the directions of the previous 10 clusters, this study deduced that in the first 11 years of the development of AMF, the primary focus was on increasing crop yield, with a particular emphasis on tomato, corn, and pepper as crops. Among these keywords, some reasons were discovered why AMF has developed into a widely used agricultural technology. AMF can create a micro-greenhouse effect on the soil surface, reduce the dissipation of soil heat, absorb solar radiation, retain heat, and increase the soil temperature to promote plant growth and development. This allows farmers to sow seeds early and extend their growing season. Transparent AMF can also be used for solarization because it covers the soil and utilizes solar radiation to increase the soil temperature to ones that are high enough to kill pathogens, thereby preventing plant diseases and promoting better crop growth (Stapleton, 1991; Orzolek, 2017). The keyword “volatilization” involves the issue of methyl bromide pollution. Methyl bromide is a volatile organic compound and serves as a versatile fumigant. In soil disinfection, methyl bromide is utilized to control fungi, bacteria, soilborne viruses, insects, mites, soil nematodes, rodents, parasitic seed plants, and weeds. Researchers have found that when fields are completely covered with high-density PE mulch film, 56%–73% of the methyl bromide used for soil fumigation is lost through atmospheric emissions (Wang and Yates, 1998). As early as 1992, methyl bromide was listed under the “Montreal Protocol on Substances that Deplete the Ozone Layer,” an international agreement to protect the stratospheric ozone layer. This designation prompted a focus on increasing the efficiency of utilizing methyl bromide and exploring substances and technologies as alternatives. Researchers have discovered that the use of high-barrier AMF reduces the emission of methyl bromide during soil disinfection compared with regular PE mulch film. Additionally, irrigation and deep injection also contribute to a reduction in the emissions of methyl bromide (Wang et al., 1997a; 1997b).
The key word optimum range relates to the technology related to floating mulch, which can provide favorable microclimate conditions and promote the growth and development of crops. Spanish researchers applied floating mulch technology to related crops (Chinese cabbage [Brassica rapa subsp. pekinensis] or potato) and calculated the optimum foliar ranges based on yields and measured the amounts of dry matter and trace elements (Baghour et al., 1999; Pulgar et al., 1999). Nitrogen keywords reflect the importance of fertilizer on crop growth and development. Nitrogen is found in a large number of compounds necessary for crop growth and directly affects the growth and yield of crops. Therefore, nitrogen fertilizer can greatly promote crop growth and development, while nitrogen fertilizer can stimulate the emission of nitrous oxide (N2O) in the soil, which causes a greenhouse effect. Therefore, an important issue is to design systems to reduce the emissions of N2O while applying nitrogen fertilizer. The use of AMF can promote the absorption of more nitrogen by plants, thereby increasing plant yield (JunZhu et al., 2014; Yang et al., 2015). However, the relationship between AMF and the emissions of N2O has been found to vary in different studies. Some studies have shown that covering the soil with AMF increases the emissions of N2O (Cuello et al., 2015; Kim et al., 2017; Lee et al., 2019), while others have not identified a significant impact on N2O emissions (Liu et al., 2014). Yet other research suggests a reduction in N2O emissions when AMF is used (Berger et al., 2013; Yu et al., 2018; Wang et al., 2021).
The clusters from 2001 to 2011 are as follows: #0 soil temperature, #1 biodegradation, #2 soil solarization, #3 water use efficiency, #4 volatilization, and #5 straw management (Figure 9). Compared with the clusters from 1990 to 2000, those from 2001 to 2011 retained the directions of soil solarization and volatilization and added four new directions, including soil temperature, biodegradation, water use efficiency, and straw management. The keyword growth of #0; degradation of #1; management of #2; yield, soil, temperature, nitrogen of #3; methyl bromide of #4; and water of #5 have attracted much attention in these 11 years. Compared with the previous 11 years, degradation, management, methyl bromide, and water are relatively new directions. This study will now analyze the relevant impact of the eight frontier keywords in the field of AMF research over these 11 years.
Owing to the ability of AMF to increase soil temperature and reduce the evaporation of water, it has been highly effective at increasing yields in areas that are at high altitudes and have low temperatures. Therefore, it is widely applied in crop production in arid, semi-arid, and semi-humid regions. The application of AMF in arid regions has correspondingly increased, particularly in areas with poor irrigation and low spring temperatures. For example, research has been conducted on the application of AMF on the Loess Plateau in China (Zhou et al., 2009). The application of AMF in arid regions has led to an increase in research articles related to keywords, such as soil temperature, water use efficiency, and water. The keywords “degradation” and “biodegradation” represent the solution to environmental pollution issues associated with AMF, namely, the use of biodegradable AMF to replace traditional PE mulch films. The keyword “biodegradation” first appeared as part of the 1990 to 2000 #0 volatilization cluster and is now presented as a separate cluster. From this, it can be deduced that, in addition to focusing on crop yield, the field of AMF research has become increasingly attentive to the environmental issues it generates. Consequently, there is a greater emphasis on the study of degradable AMF and the consideration of biodegradation as a primary solution. The essence of biodegradable AMF lies in biodegradable materials. There are many types of biodegradable materials, which can be divided into two categories based on their sources. One type is natural biodegradable high molecular weight materials, originating from nature, capable of natural decomposition with non-toxic byproducts, commonly including starch, cellulose, chitin, among others. The other type is artificially synthesized biodegradable materials, introducing ester-based structural units with degradation properties into aliphatic and aromatic polyester materials, such as polylactic acid (PLA), polycaprolactone (PCL), polyhydroxyalkanoate (PHA), polyhydroxybutyrate (PHB), and polybutylene adipate terephthalate (PBAT), among others, to achieve their degradation by microorganisms in nature (Qian et al., 2019). However, not all biodegradable materials are suitable for use in agricultural mulch films, and the performance of mulch films made from a single material often does not match that of films made from mixed materials. Currently, the most popular biodegradable mulch films include starch-based, PLA-based, PBAT-based, and PHA-based biodegradable mulch films. Owing to the intricate manufacturing procedures associated with biodegradable materials, the costs of biodegradable mulch films tend to be elevated. Consequently, amalgamating high-performance biodegradable materials with economically viable alternatives has emerged as a prevalent strategy. This approach not only meets the performance requirements of the mulch films but also helps to save costs (Akhir and Mustapha, 2022).
The keyword “straw management” in the cluster reflects a significant issue in the rice-wheat rotation in China and India, namely, the management of crop residues. The short turnover time between the planting and harvesting of rice and wheat makes it challenging for the crop residues to decompose and rot directly after they have been returned to the field. This leads to the untimely and inadequate treatment and utilization of crop straw. Incidents of large-scale on-site burning of straw occur, which results in significant losses of organic carbon and nitrogen, as well as severe air pollution. Some researchers have combined AMF with straw to form a double-layer film that covers the soil and replaces traditional flooding techniques. This approach can achieve yields that are essentially consistent with traditional flooding cultivation techniques, with a lower consumption of water. Additionally, it reduces the environmental problems caused by the burning of straw (Liu et al., 2005).
The keyword “Management” reflects the necessity of rational management for various agricultural technologies. AMF is just one agricultural technology. However, relying solely on AMF is insufficient to comprehensively promote the growth of crops and increase their yields. The integrated management of other agricultural technologies is necessary, which includes such methods as applying organic fertilizer, increasing crop cover, practicing crop rotation, using drip irrigation, implementing row covering, and using high tunnels and greenhouses. Only by combining and managing various agricultural technologies adaptively according to local conditions can crop growth be comprehensively promoted and crop yields increased. The keyword “methyl bromide” reflects an important environmental issue in agricultural production. Methyl bromide is considered to be a compound that depletes the ozone layer. Starting from 2005, the EU has banned its use, and it is gradually being phased out globally (Batchelor, 2002). Therefore, research on solarization and other fumigants has become a research hotspot. Fumigants are volatile organic compounds that form ground-level ozone when they react with nitrogen oxides in sunlight. Ozone is a strong oxidant, and high concentrations of ground-level ozone can harm humans, animals, crops, and other organisms. If there are high emissions of fumigants from the soil, fewer people will use them (Gao et al., 2008). Owing to considerations for environmental protection, research related to methyl bromide has become one of the hotspots in the field of study of AMF.
The clustering from 2012 to 2022 includes the following: #0 water use efficiency, #1 biodegradation, #2 nitrous oxide, #3 weed control, #4 microplastics, and #5 fruit quality. As shown in Figure 10, the hot keywords for these 11 years are #0 yield, growth, water use efficiency, temperature; #1 degradation, biodegradation; #2 nitrogen; #3 soil; #4 water, and #5 quality, performance. Compared to the previous 11 years, nitrous oxide (N2O), weed control, microplastics, fruit quality, quality, and performance are relatively novel directions. The following section will provide a detailed interpretation of these six key directions.
N2O was previously included in the content of nitrogen, but now as an independent cluster, it shows that researchers are paying more and more attention to environmental issues. N2O is a greenhouse gas, and understanding the impact of AMF on the emissions of N2O is crucial for the sustainable development of agriculture. However, there is currently no systematic decision on the influence of AMF cover on the emissions of N2O, and further related research is still merited. Weed control is crucial to reduce the competition for water and nutrients, minimize pest habitats, improve the feasibility of other field operations, enhance the aesthetics of farmland or orchards, and ultimately improve crop quality. Weed control is closely associated with AMF because most AMF can provide effective weed control over an extended period. However, the use of AMF reduces the options for soil fertility management (Hammermeister, 2016). In 2004, Thompson et al. published a paper that described the distribution of microplastic fragments in seawater (Thompson et al., 2004). Microplastics have received considerable attention from researchers. However, most studies have focused on microplastics in aquatic ecosystems. After weathering, PE mulch film can easily tear into small pieces and become microplastics. These microplastics are frequently absorbed or retained in agricultural soil, which increased the likelihood of broader land pollution. They may further contaminate terrestrial environments and contribute to ocean pollution through runoff (Jambeck et al., 2015; Brodhagen et al., 2017). Biodegradable AMF are considered a preferable alternative to traditional PE mulch films. However, the use of biodegradable AMF is also controversial. Some concerns include the high cost for agricultural purposes, and many materials only meet the standards for biodegradation standards under industrial composting conditions (Kasirajan and Ngouajio, 2012; Moreno et al., 2017). Reducing the cost of production of biodegradable AMF and ensuring their ability to undergo biodegradation in actual soil conditions are key research focuses in the field of AMF.
The keywords “fruit quality,” “quality,” and “performance” reflect a shift in the focus of research in the field of AMF. On the one hand, researchers have started to pay more attention to a variety of crops beyond the staple grains. Alternatively, researchers are not only concerned with increasing crop yields but are also placing greater emphasis on improving the quality of crops.
The improvement of fruit quality is a comprehensive task that is closely related to the healthy growth and development of plants. Therefore, AMF is often combined with other agricultural techniques, such as drip irrigation and high tunnels (Cowan et al., 2014; Li et al., 2017). As these technologies become more sophisticated and mature, the related research explores these topics in greater depth. Instead of just focusing on surface changes, researchers explored the internal mechanisms behind the enhancement of fruit quality. For example, Jiang et al. (2014) used silver-black reflective AMF to cover Ponkan tangerines (Citrus reticulata Blanco) and found a significant increase in the activities of the enzymes acid invertase and sucrose synthase (Jiang et al., 2014). Verena Overbeck et al. covered apples (Malus domestica) with reflective AMF and observed a notable increase in the content of flavonoids and anthocyanins in the fruit (Overbeck et al., 2013). Li Fan et al. used white AMF and discovered an improvement in the contents of phenolics and total antioxidant capacity of strawberries (Fragaria x ananassa) (Fan et al., 2012).
From the keyword analysis of AMF research from 2012 to 2022, two main aspects can be identified as the current state of research. First, there is a focus on applied research, which is aimed at enhancing crop yield and quality. Second, there is a research emphasis on improving the materials used for AMF to reduce their impact on the environment.
3.4 Analysis of research hotspots and frontiers
The repeated research directions over the years represent the established hotspots in the field, while emerging frontiers in recent years may potentially evolve into new directions and become new hotspots. The five hot keywords that appeared in all three stages from 1990 to 2022 that accounted for 16.1% compared with the total of 31 keywords included yield, growth, temperature, nitrogen, and soil (Figure 11). With the analysis of the five keywords and the previous keyword context, it is evident that enhancing soil temperature, increasing the absorption of nitrogen by crops, promoting crop growth and development, and improving crop yields are the hot topics of research in the field of AMF research. In the period from 2012 to 2022, six new keywords emerged, which accounted for 19.4% of the total. These keywords were fruit quality, weed control, microplastics, nitrous oxide, quality, and performance. This enabled the deduction that the frontier directions in the field of AMF research primarily focus on two aspects. One is the improvement of fruit and crop quality, and the other is environmental protection. Soil microplastic residues and emissions of N2O from the soil are receiving significant attention. Reducing the costs of production of biodegradable AMF, ensuring the biodegradation capability of biodegradable AMF in actual soil, enhancing crop nitrogen absorption, and reducing the soil emissions of N2O and other greenhouse gases are the main directions for future research.
[image: Figure 11]FIGURE 11 | The distribution of AMF hotspots.
In addition to keywords, the hot research in this field can also be explored by examining the highly cited papers in this field. Table 7 shows the top 10 most cited papers in the field. The most commonly cited paper is by Jay M. Ham and entitled “Optical Properties of Plastic Mulches Affect the Field Temperature Regime.” The paper, which has been cited 129 times in local data, examined the optical properties of eight different types of plastic mulches and their effects on the soil and air temperatures. They found that different types of plastic mulches absorb and reflect light differently, which affects heating of the soil. Results suggest that conduction of heat between the plastic and the soil surface also affects the extent of soil heating in a mulched field. (Ham et al., 1993). The second most highly cited paper was by William J. Lamont and was entitled “Plastics: Modifying the Microclimate for the Production of Vegetable Crops.” This paper elaborates several important contents of plasticulture. Examples include plastic-covered greenhouses, plastic mulches, row covers, high tunnels, and windbreaks (Lamont, 2005). The third most highly cited paper was “Microclimate Modification with Plastic Mulch,” by Julie M. Tarara, which reviewed previous research on plastic mulch and improved the techniques for monitoring crop microclimates. It provides new data to demonstrate the effect of black AMF on the plant microclimate (Tarara, 2000). By integrating the specific content of the first three papers and detailed information from Table 7, we can observe that the attention of researchers in the field of AMF is concentrated on its impact on soil climate and the improvement of crop yields in arid regions.
TABLE 7 | The top 10 most highly cited publications in the field of agricultural mulch film.
[image: Table 7]In summary, altering soil microclimates, promoting crop growth and development, and increasing crop yields constitute the hotspots of research in the field of AMF. Enhancing crop quality and mitigating environmental pollution issues associated with AMF represent the frontier directions in this research field.
4 CONCLUSION AND PERSPECTIVES
This study conducted a bibliometric review of the AMF field, which offers an overview and detailed insights into past, current, and future research trends. The number of publications in the AMF field has been consistently increasing, which demonstrates the growing interest of researchers throughout the world. The majority of these studies are dedicated to horticulture and environmental science, with the key sources of research found in journals, such as Agricultural Water Management, HortScience, Science of The Total Environment and others. Jia Zhikuan, Li Fengmin, and Kadambot H. M. Siddique emerged as the top three authors in terms of the quantities of publications. Most authors in the field of AMF concentrate their research on the theory and technology of cultivation in arid regions. The top three institutions in terms of publication volume are the Chinese Academy of Sciences, Northwest A&F University, and the USDA. Among the top 10 institutions in publication quantity, all are from China and the US, which underscores the significance of China and the US in the field of AMF research. The top three countries with the highest output of publications are China, the US, and India. China, the US, Australia, and Canada are the primary countries that collaborate, while Europe constitutes a group of nations engaged in AMF research and serves as a primary collaborative partner for other countries. The current research status in the field of AMF primarily focuses on two aspects. First, there is applied research aimed at enhancing the yield and quality of crops. Second, there is research dedicated to improving the material of AMF to minimize their environmental impact. The hot research topics in the field of AMF primarily involve altering the soil micro-climates and promoting crop growth and development, which ultimately leads to increased crop yields. An analysis of the forefront suggests that the primary future research directions in this field revolve around two aspects. First, there is a focus on enhancing crop quality and investigating the internal mechanisms behind quality improvement. Second, there is an emphasis on protecting the environment, with notable attention given to soil microplastic residues and the emissions of nitrous oxide (N2O). The primary directions for addressing future environmental issues include lowering the cost of producing biodegradable AMF, improving their ability to biodegrade in actual soil, enhancing crop nitrogen absorption, and reducing the soil emissions of greenhouse gases.
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