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Plastic waste in agriculture, particularly from polyethylene mulch, poses significant environmental challenges. Synthetic biodegradable mulch has emerged as a sustainable alternative, derived from renewable resources such as thermoplastic starch, polylactic acid, polyhydroxyalkanoates, and copolyesters. This review explores the benefits of synthetic biodegradable mulch, its environmental impact, and the policy landscape to support its adoption. A review of existing literature was conducted, focusing on three aspects: (1) the performance of synthetic biodegradable mulch in crop production and pest control, (2) the environmental, socioeconomic, and climate resilience compared to polyethylene mulch, and (3) the institutional policies that promote synthetic biodegradable mulch adoption. The analysis considered comparative data on yield, pest management, and sustainability metrics. Synthetic biodegradable mulch performs similarly or better than polyethylene mulch in various agricultural practices. It enhances crop yield, quality, and weed suppression, acts as a physical barrier against pests and diseases, reduces chemical usage, and aids in water and nutrient management. Moreover, synthetic biodegradable mulch offers environmental benefits by reducing plastic waste, microplastic pollution, and greenhouse gas emissions, contributing to climate change mitigation. While synthetic biodegradable mulch provides numerous advantages, adoption faces challenges such as high initial costs, farmer preferences, and the regulatory framework. Effective institutional policies and increased consumer demand could drive wider adoption, offering potential for improved livelihoods among small farmers while promoting environmental sustainability.
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1 Introduction

Mulching, a well-established agricultural practice, involves directly applying materials onto soil surfaces for purposes such as safeguarding seedlings, minimizing evaporation, controlling weeds, and enhancing the aesthetic appeal of an area (Chalker-Scott, 2007; Mhlanga et al., 2021; Abbate et al., 2023). The mulches are instrumental in protecting delicate crops from adverse conditions caused by weather, pests, and weeds. Widely employed in agriculture, they are crucial tools for preventing crop yield loss (Mansoor et al., 2022). Mulching fosters economic and environmental sustainability by improving crop yields, reducing water usage, and lowering greenhouse gas emissions. This is achieved through decreased soil respiration and a diminished need for synthetic fertilizers, which typically have a high carbon footprint (Guo and Liu, 2022).

Mulching history dates back to around 500 BCE, with the earliest documented use of organic matter as a mulch film (Lightfoot, 1994). Over time, materials evolved from organic matter to stones, pebbles, and volcanic ash, particularly in arid regions during the 1600s (Mansoor et al., 2022). According to Mansoor et al. (2022), in the 1800s, straw was discovered as beneficial mulch for strawberry production. Throughout centuries, various naturally available materials have been experimented with and utilized for mulching based on climatic conditions in different parts of the world (Lightfoot, 1994). After the World War II, plastic was started to be used to avoid the high costs of glass, employed as a traditional material in greenhouses (Kasirajan and Ngouajio, 2012). The use of plastic mulch in agriculture, especially polyethylene, was commercialized in the late 1950s, marking a significant transformation in mulching practices (Kader et al., 2017). The negative effects of plastic mulching, including the creation of microplastics, led to the introduction of photodegradable and Oxo degradable plastics as alternatives to polyethylene in the 1980s. However, there is evidence that photo- and oxo-degradable plastic polymers do not degrade under field conditions and their generated microplastics (Steinmetz et al., 2016).

The international community has formulated a set of Sustainable Development Goals (SDGs), with the objective of achieving various targets by 2030 (United Nations, 2015). Among these goals is ensuring access to food for all, increasing agricultural productivity, and attaining the eradication of hunger (Bizikova et al., 2020). One of the key objectives of these goals is to enhance agricultural productivity in a sustainable, manageable, and effective manner. The central focus is on increasing yields of food crops through the adoption of farming practices that are environmentally friendly and ecologically viable (Samphire et al., 2023). The use of mulching as a strategy to improve crop yield and prevent losses is a common practice in agriculture worldwide, and various materials have been used as mulch, each with its own advantages and disadvantages in the environment. Biodegradable plastic mulch, developed from fossil fuels, microorganisms, animals, and plants, is considered a viable option for mulching material (Sintim and Flury, 2017).

The industry-specific data on synthetic biodegradable mulch are categorized into three main areas: agriculture, environmental impact, and regulatory policies. In agriculture, this mulch is used to cover soil, reduce weeds, retain moisture, and boost crop yields, with common types including Polyhydroxyalkanoates (PHA), Polylactic Acid (PLA), and starch-based films. These materials must meet standards like ASTM D6400 or EN 13432 for certification (Abbate et al., 2023; Hayes et al., 2012; Menossi et al., 2021). Although synthetic biodegradable mulch has a higher initial cost than conventional plastic mulch, it reduces long-term labor and disposal expenses (Mansoor et al., 2022). Synthetic biodegradable mulch is available on the market and is diverse and competitive with a large number of suppliers (Table 2). Environmentally, these mulches decompose into water, CO2, and biomass, significantly reducing plastic waste and the need for disposal (de Sadeleer and Woodhouse, 2023). This aligns with the increasing market growth driven by environmental awareness and regulations, especially in Europe and North America (Soylu and Kizildeniz, 2024; Mansoor et al., 2022). Regulatory policies play a crucial role, with government incentives supporting the adoption of biodegradable products, and compliance with biodegradability and environmental safety standards being essential for both manufacturers and farmers (Menossi et al., 2021).


Table 1 | Classes of bio-based polymer raw material and their market price.




Table 2 | Major players of biodegradable mulch polymers in Market (Serrano-Ruiz et al., 2018; Menossi et al., 2021; Mansoor et al., 2022; Campanale et al., 2023).



Biodegradable mulching materials originate from various sources, including food, animals, agriculture, and bio-based resources such as starch and cellulose (Samir et al., 2022). Synthetic biodegradable mulch is made from bio-based, fossil fuel-derived raw materials, or a combination of both. Bio-based polymers are classified into three categories: (1) those directly obtained from natural materials such as starch, thermoplastic starch, and cellulose; (2) those produced through chemical synthesis from biologically derived monomers, such as the synthetic polymerization of lactic acid to polylactic acid (Table 1); and (3) those produced by microorganisms, such as polyhydroxyalkanoates (Ghanbarzadeh and Almasi, 2013; Ghimire and Miles, 2020). Common raw materials for synthetic biodegradable mulch include thermoplastic starch due to its cost-effectiveness and wide application in products like mulch films (Miles et al., 2017). Notable bio-based polymers used in synthetic biodegradable mulches include polylactic acid and polyhydroxyalkanoates (Rajgadia and Debnath, 2023). Besides bio-based polymers, synthetic biodegradable mulch is also made from biodegradable aliphatic-aromatic copolyesters, such as PBAT (Jian et al., 2020). PBAT, a copolyester derived from butanediol (B), adipic acid (A), and terephthalic acid (T), offers a balance of flexibility, strength, and biodegradability, making it essential for producing biodegradable plastics and packaging materials (Jian et al., 2020).

According to Somanathan et al. (2022), the main material for mulching films is polyethylene plastic, which is a cause for environmental concern. These materials do not degrade under field conditions, leading to environmental concerns and the need for more effective and environmentally friendly mulching alternatives (Qiang et al., 2023; Rajgadia and Debnath, 2023). Synthetic, biodegradable mulch can be alternative solution, it consists of materials that are designed for a limited service life and are subject to regulated degradation into easy-to-dispose products (Peng et al., 2021). Synthetic, biodegradable mulch breaks down into carbon dioxide and water while contributing to microbial biomass and improving soil structure and fertility, promoting sustainable agriculture (Mola Ida et al., 2019; Tofanelli and Wortman, 2020; Bouzidi et al., 2023). In this process, resident microorganisms play a key role in facilitating the natural degradation of the plastic and provide a sustainable solution for disposal (Bandopadhyay et al., 2018; Di Mola et al., 2021). Compared to traditional polyethylene, synthetic biodegradable mulch provides environmental benefits by reducing microplastic accumulation, improving soil health, having similar mechanical properties to polyethylene, potentially requiring less labor for disposal, and potentially economically viable compared to plastic mulch (Miles et al., 2017; Cowan and Miles, 2018; Goldberger, 2018).

The agricultural industry has recognized the observable benefits of biodegradable mulches in reducing soil compaction and soil erosion, controlling nutrient consumption, increasing soil temperature, reducing fertilizer leaching, suppressing weed growth, increasing agricultural productivity and improving the quality of crops improve harvest (Sintim and Flury, 2017; Menossi et al., 2021; Zhang et al., 2022). The global market for synthetic biodegradable mulching films has been growing significantly, increasing from US$36 million in 2016 to US$53 million in 2021, with a compound annual growth rate of 8% (Business Research Insight, 2023). The market size was estimated at US$55 million in 2022 and is expected to reach US$74 million by 2031, growing at a compound annual growth rate of ~4% (Business Research Insight, 2023). This growth is driven by increasing demand for sustainable farming practices (Table 2). Europe and North America are the leading markets, with Asia-Pacific showing rapid growth due to heightened awareness and government support for sustainable agriculture (Business Research Insight, 2023). According to Business Research Insight (2023), biodegradable mulch market can be divided into four groups: based on plastic types, biodegradable plastics are categorized into thermoplastic starch and aliphatic-aromatic copolyester. Based on biodegradable composition, the market is divided into starch, starch blended with polylactic acid, and starch blended with polyhydroxyalkanoates. Additionally, based on the crops they cover, the market is divided into vegetables and fruits, grains and oilseeds, and plants and flowers. And also based on geographical regions, biodegradable mulch market categorized into North America, Europe, Latin America, Asia Pacific, and the Middle East and Africa. Factors leading to demand for synthetic biodegradable films include need for improved and sustainable ways to feed the growing population. For example, the synthetic biodegradable mulch market in Asia was noted to be growing rapidly, driven by the growing population (Sintim and Flury, 2017). To meet food demand, the use of synthetic, biodegradable mulch for crop production is important to increase productivity in small land areas (Miles et al., 2017).

The increasing demand for synthetic biodegradable mulch is also contributing to increased demand for starch due to the low cost and wide availability of starch, as well as its degradability upon contact with microbes in soil with harmless by-products (Sintim and Flury, 2017; Business Research Insight, 2023). Synthetic biodegradable mulch self-degrades and avoids disposal or reduces the cost of plastic like polyethylene. Marí et al. (2019) reported that the disposal costs of polyethylene film in certain regions of Spain were recorded differently for disposal (176.5 €/ha), landfill (186 €/ha) and recycling (192 €/ha). Other researchers reported that disposing of polyethylene mulch (excluding labor) costs up to $590 per hectare (Galinato and Walters, 2012; Miles et al., 2017). These economic challenges are likely to result in polyethylene mulch film waste accumulating or being processed in the field, and in some cases crop farmers abandoning it in rivers or rural areas (Menossi et al., 2021). These residues can also be burned outdoors and under unregulated conditions, contributing to an increase in greenhouse gas emissions (Menossi et al., 2021). In addition to the disadvantages associated with disposal, polyethylene mulch serves as a significant source of macro- and microplastic pollution in agricultural areas, resulting in soil and water pollution (Huang et al., 2020; Serrano et al., 2021). The use of biodegradable polymers brings environmental benefits by renewing raw materials, facilitating biodegradation, and reducing carbon dioxide emissions that contribute to global warming (Zhu and Wang, 2020).

Synthetic biodegradable bio-based mulch is required to meet specific compostability and biodegradability standards, such as ASTM D6400, ASTM D6868, European Standards (EN 13432), EN 14995, or ISO 17088. It must demonstrate at least 90% biodegradation relative to microcrystalline cellulose within two years in soil, verified through recognized test methods (ISO 17556 or ASTM D5988). Additionally, it needs to contain at least 80% bio-based content, determined using ASTM D6866 standards (NOSB, 2021). The practical implications of synthetic biodegradable mulch include several benefits. It saves labor by eliminating the need for mulch removal at the end of the growing season, thus reducing labor costs (Soylu and Kizildeniz, 2024; Mansoor et al., 2022). It also contributes to soil health by allowing organic matter to decompose and enrich the soil, aids in moisture retention by helping to retain soil moisture and reducing the need for frequent irrigation, and supports weed control by suppressing weed growth, thereby reducing the need for herbicides (Zhang et al., 2022). However, challenges exist as well. Performance can vary due to degradation rates that depend on environmental conditions such as temperature, humidity, and soil microorganisms. Additionally, market adoption faces hurdles, with farmers often hesitant to adopt this mulch due to higher costs and uncertain performance under different agricultural conditions (Goldberger et al., 2013).

The biggest challenge with synthetic biodegradable mulch is associated with the high initial market costs, including material prices, soil levelling machine, and installation costs (Ricker-Gilbert et al., 2014; Business Research Insight, 2023). The high installation costs have been noted as one of the key factors limiting their use, especially in developing countries (Business Research Insight, 2023). Although the market has significant potential in developing countries like India, the high acquisition cost has become a cause of concern for small farmers (Business Research Insight, 2023). The driving themes of this review include three main aspects: (1) exploring the potential of synthetic, biodegradable mulch in agriculture to improve the livelihoods of smallholder farmers; (2) Tapping into the socioeconomic frameworks that favor synthetic biodegradable mulch, taking into account differences that contribute to environmental sustainability and resilience to climate change; and (3) conduct a bench-based situational analysis of existing and viable institutional policies to enforce the sustainable use of synthetic biodegradable mulch.




2 Methods of literature search

This review followed the framework established by Page et al. (2020). To ensure scientific rigor and transparency, the review adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement protocol, as proposed by Moher, 2009.

This study identified relevant databases, including ScienceDirect, SCOPUS, Google Scholar, and PubMed, and developed search strategies to ensure the selection of peer-reviewed articles eligible for inclusion in indexed journals (Adams et al., 2016; Nassary et al., 2022), with studies sourced from these databases as well as some Grey Literature. Key search terms encompassed various aspects of synthetic biodegradable mulch, including its production, impact on crop productivity, potential, implications for livelihoods, relevance to smallholder farmers, pricing, market dynamics, policy considerations, environmental implications, impact on climate change, and effects on soil health. After eliminating duplicates and redundant sources, a total of 132 studies were included in the review (Figure 1).




Figure 1 | Schematic literature search route used in acquisition of appropriate articles. PRISMA Modified from PRISMA 2020 flow diagram for new systematic reviews of Page et al. (2020).






3 Findings and discussion



3.1 Potential of synthetic biodegradable mulch in agriculture

It is estimated that the world population will reach 10 billion by 2050, putting significant pressure on the agricultural sector due to increased demand for food (Hofmann et al., 2023). Climate change complicates matters further and poses challenges to food production (Food and Agriculture Organization, 2009). To address this issue, it is crucial to increase agricultural productivity, adopt sustainable practices and promote climate-resilient methods (Madrid et al., 2022). Synthetic biodegradable mulch provides numerous benefits for crop production by controlling weeds and insects, regulating soil temperature, and retaining soil moisture by reducing evaporation, minimizing soil erosion, preventing soil splashing, and improving the efficiency of nutrient use by plants (Menossi et al., 2021). According to Martín-Closas et al. (2017), the impacts of synthetic biodegradable mulch began in the late 1990s and were reported in Germany, Japan, Italy, Spain, France and other European countries that produced biodegradable mulch for their experiments. Synthetic biodegradable mulch was tested in the production of several crops, including horticultural crops like tomatoes (Solanum lycopersicum), lettuces (Lactuca sativa), peppers (Capsicum spp), and Zucchini (Cucubita pepo) without significant differences reported in tomato between synthetic biodegradable mulch and polyethylene (Table 3).


Table 3 | Effect of synthetic biodegradable mulch and polyethylene on tomato yield.



Martín-Closas et al. (2008) found a significant increase in the number of fruits set per plant with synthetic biodegradable mulch and polyethylene (both 15 μm) compared to bare soil and paper mulch. The study conducted by Morra et al. (2021) discovered that Mater-Bi® (NOVAMONT) and Ecovio® (BASF) biodegradable mulches degraded completely but more slowly than paper mulch, leading to an improvement in soil quality. The use of biodegradable mulch resulted in a higher tomato yield and improvements in quality parameters relevant to the processing industry (Cowan, 2013; Sękara et al., 2019). According to Sękara et al. (2019), the parameters evaluated included fruit color, firmness, total soluble solids, titratable acidity, antioxidant activity, as well as the contents of ascorbic acid, polyphenols, flavonoids, and lycopene (Sękara et al., 2019).

Weed control stands out as one of the most valuable agronomic practices, according to Ngouajio et al. (2008), the optimal fresh tomato crop performance was achieved when weed control exceeded 85%. Massawe et al. (2023) reported a better performance of weed control by Novamont biodegradable mulch film compared to dead plant mulches in common beans production in Tanzania. Black synthetic biodegradable mulch is observed to be more effective than white and other colored synthetic biodegradable mulches (Schonbeck, 2012; Menossi et al., 2021). Olsen and Gounder (2001) reported that pepper was among the first crops evaluated for biodegradable mulching in Australia, and the yield was found to be equivalent to recycled brown paper (100 g m−2), synthetic biodegradable (black; 30 μm), and polyethylene mulch. Synthetic biodegradable mulch degrades rapidly in paper production due to its growth habit, which exposes the mulch to various environmental factors, compared to its use in tomato cultivation (Martín-Closas et al., 2017).

In a study evaluating the impact of biodegradable mulch on vegetable production, Waterer (2010) found that synthetic biodegradable mulch (15 μm) and polyethylene mulch (28 μm), whether black, clear, or infrared–IR-transmitting, had little effect on the yield, fruit quality, and maturity of peppers, without significant differences observed between them. A study conducted by González et al. (2003) in water melon (Cucumis melo) production demonstrated that the use of transparent or translucent synthetic biodegradable mulches resulted in fruit yields with high sugar content, comparable to clear polyethylene. In contrast, using black films water melon demonstrated poor performance (González et al., 2003). Another study by López-Marin et al. (2007) indicated a higher yield of Melon (Cucumis melo) with synthetic biodegradable mulch compared to polyethylene. This difference was attributed to the crop being spring–summer, requiring higher temperatures, clear mulch by allowing more sunlight to penetrate and reach the soil, leading to greater absorption of solar radiation and, consequently, a more significant warming effect on the underlying soil (Martín-Closas et al., 2017). Biodegradable mulches have also exhibited potential effects on cucurbit crops such as melons and cucumbers (Cucumis sativus), the study highlighted that using biodegradable mulching on melons, enhanced the quality of fruits and contributed to a 27.2%, 22.4%, and 24.6% increase in flavonoids (Cozzolino et al., 2023).

A study by Fontenot et al. (2021) in assessing biodegradable mulch duration and nutsedge suppression during late summer cucumber production indicated that biodegradable mulch performed comparably to polyethylene in terms of yield and quality. In the USA, various synthetic biodegradable mulches (grades NF0U/P and NF803/P; 12 and 15 μm) and polyethylene films did not show notable impact on water melon yield (Miles et al., 2007). Similarly, a study on zucchini (Cucubita pepo) by Minuto et al. (2008) reported comparable yields with synthetic biodegradable mulch (NF803/P; 12 and 15 μm) and polyethylene (50 μm) films. In a six-year study by Zhang et al. (2022) investigating the impacts of synthetic biodegradable mulch on soil physical, chemical, and biological properties, the findings revealed a non-significant difference in bulk density compared with polyethylene films. However, there was a notable decrease from 12 to 17% in the 10-20 cm soil depth (Zhang et al., 2022). Zhang et al. (2022) indicated that there was a significant increase in soil total nitrogen content by 15% to 28%, available phosphorus (64%) and exchangeable potassium (109%), but also synthetic biodegradable mulch was found to enhance microbial activities compared to both polyethylene and no mulch. Another study by Shan et al. (2022) on garlic (Allium sativa), chili pepper (Capsicum spp.), and broccoli (Brassica oleracea var.) observed insignificant differences in yield between synthetic biodegradable mulch and polyethylene mulch. Shan et al. (2022) indicated that both synthetic biodegradable mulch and polyethylene mulch were effective in maintaining higher exchangeable potassium contents in rhizosphere soil. Additionally, both types of mulch demonstrated significant effectiveness, with yield increases of 18% to 19%, 21% to 23%, and 26% to 30% for broccoli, chili pepper, and garlic, respectively. These increases reflected a significant improvement in smallholder farmers’ livelihoods, as they were able to sell more products in the market, resulting in higher income. It also improved food security in their communities and offered these farmers the opportunity to expand their operations or invest in other aspects of their livelihoods.

Synthetic biodegradable mulch has been reported to improve the rhizosphere microenvironment through the regulation of soil temperature and moisture (Abbate et al., 2023). The use of biodegradable and plastic film mulching can affect nitrogen uptake, distribution, and leaching in the soil, helping smallholder farmers manage nitrogen more effectively, leading to improved crop growth and reduced nutrient runoff (Wang et al., 2022; Samphire et al., 2023). Contrary to concerns about potential negative impacts, the results of a study by Zhang et al. (2022), coupled with Li et al. (2014) observations, suggest only a minor effect on soil quality. This implies that the long-term usage of synthetic biodegradable mulch does not degrade soil quality but, positively influences soil fertility (Samphire et al., 2023). The collective evidence explores the potential of synthetic biodegradable mulch as a sustainable choice in agriculture, improving the livelihoods of farmers by enhancing production, reducing environmental pollution, and overall contributing to soil health, benefiting smallholder farmers. This suggests that synthetic biodegradable mulch can be a promising alternative to polyethylene in agricultural production. Several crops have been grown using synthetic biodegradable mulch, which offers crop production benefits similar to polyethylene mulch but is designed to be incorporated into the soil after use, thereby eliminating waste and disposal challenges associated with polyethylene mulch use. Some of the crops researched with the use of synthetic biodegradable mulch and revealed a positive respond including maize, garlic, chili pepper, watermelon, broccoli, cotton, zucchini, and lettuce Table 4. Synthetic biodegradable mulch has been shown to enhance crop quality, save time for agricultural producers, and reduce labor costs (Moore and Wszelaki, 2016; Sintim and Flury, 2017).


Table 4 | Effect of synthetic biodegradable mulches on different crop yield.



Synthetic biodegradable mulch reportedly outperforms other dead plant mulches such as butterfly peas, corn husks and pimento grass in various aspects of growth parameters and yield parameters such as plant leaves, plant height, number of branches, and number of pods per plant and grain yield (Massawe et al., 2023). Synthetic biodegradable mulch manages to create favorable conditions for crops thanks to its superior performance attributed to its ability to effectively control weeds and conserve moisture by minimizing weed competition and maintaining optimal soil moisture. These combined benefits highlight the important role of synthetic biodegradable mulch in promoting better crop productivity by mitigating resource competition and creating an optimal growing environment.

Synthetic biodegradable mulch films act as a physical barrier, preventing direct contact between crops and potential pests or diseases (Kasirajan and Ngouajio, 2012; Sintim and Flury, 2017). Synthetic biodegradable mulch prevents the beating action of flushing drops which carry spores of different diseases (Kasirajan and Ngouajio, 2012). These spores attach themselves to foliage and shoots of the vulnerable plants, therefore synthetic biodegradable mulch reduce the chances of disease occurrence (Sintim and Flury, 2017). Some synthetic biodegradable mulch films are supplemented with antimicrobial properties, contributing to pest and disease control. For instance, a starch-based mulch film supplemented with linear polyvinyl alcohol and sodium propionate as an antimicrobial compound has demonstrated potential in managing pests and diseases (Menossi et al., 2021). Liang et al. (2020) reported that chitosan/hydroxypropyl methylcellulose pesticide mulch film allowed protection against root rot caused by the phytopathogens fungus Phytophthora sojae on soybean (Glycine max).

The use of black synthetic biodegradable mulch films can be effective in suppressing most weeds, leading to reduced labor and other costs associated with weed management (Schonbeck, 2012; Martín-Closas et al., 2017; Menossi et al., 2021). It contributes to improved growing conditions for the crop, enhancing its competitiveness against weeds (Martín-Closas et al., 2017; Menossi et al., 2021; Zhang et al., 2022). More on that, synthetic biodegradable mulch films play a role in nutrient management in the soil, indirectly contributing to pest and disease management. For example, they can improve nitrogen management, ultimately reducing the incidence of pests and diseases (Kasirajan and Ngouajio, 2012). Proactive nutrient management plays a critical role in protecting plants from pests and diseases. By reducing the stress levels of plants, these practices improve their ability to effectively fight various pathogens (Dutta et al., 2017). Also plants develop resistance to weed infestation and other harmful pests. As a result, there is less dependence on fungicides, insecticides and herbicides (Dutta et al., 2017). This approach not only promotes healthier plant growth, but also contributes to sustainable agricultural practices by minimizing chemical use. The reduced use of such chemicals will be in favor of small holder farmers in the sense that no funds will be incurred with non-use of chemicals that will compromise beneficial soil organisms’ population, activity and the environment (Chalker-Scott, 2007).




3.2 Socioeconomic and environmental implications of synthetic biodegradable mulch

Polyethylene mulch, valued for its low cost, ease of application, and durability, is projected to experience a 6.5% annual growth rate, reaching a $15.7 billion market value by 2026 (Madrid et al., 2022). Despite its immediate benefits, the long-term consequences of polyethylene mulch use pose adverse effects on society and the environment due to its non-degradable nature, taking hundreds of years to undergo changes (Ghatge et al., 2020). Madrid et al. (2022) also highlight its ability to adsorb pesticides, concentrating them in the soil. The plastic material, adsorbs pesticides through partitioning, which can influence the persistence of the pesticides in soil and water (Wang et al., 2020). Proper disposal is crucial to prevent plastic accumulation, but removal poses challenges, being labor-intensive and expensive (Galinato and Walters, 2012; Miles et al., 2017). Disposal methods like landfill contribute to environmental harm, generating micro- and nano-plastics and toxic by-products (Ohtake et al., 1998; Hakkarainen and Albertsson, 2004; Yu and Flury, 2020). The socioeconomic impact of these mulch is illustrated in Figure 2.




Figure 2 | Schematic diagram disposal pathways of used plastic agricultural mulch; adopted and modified from Madrid et al. (2022).



In contrast, synthetic biodegradable mulch is designed for tillage into the soil, facilitating biodegradation by microorganisms and reducing plastic waste, environmental impacts, and labor costs compared to polyethylene mulch (Hayes et al., 2019; Madrid et al., 2022). However, the adoption of synthetic biodegradable mulch is influenced by socioeconomic factors, such as relative initial pricing and labor costs, affecting the net profit for crop growers (Galinato et al., 2020; Velandia et al., 2020). A study conducted by Hao et al. (2024) in Northern China finds that while biodegradable mulch film offers environmental benefits, it requires ongoing subsidies to remain viable. The net benefit for biodegradable film is around $314 per hectare, which is lower than that of conventional plastic mulch. In contrast, another analysis by Long (2023) in the U.S. demonstrates that biodegradable mulch leads to significant cost savings through water conservation (up to 25% savings), increased crop yields (about 20%), and reduced herbicide costs. These factors offset the higher initial investment, making biodegradable mulch economically viable, especially for larger operations. Johansson (2018) emphasizes that although biodegradable mulches have higher initial costs, they eliminate the need for post-harvest disposal, which offsets some of these expenses over time. Therefore, the cost-benefit analysis of biodegradable mulch reveals its potential for economic savings through reduced labor and disposal costs, improved crop yields, and alignment with sustainable agricultural practices. These factors contribute to a favorable economic outlook for farmers considering the switch from traditional plastic mulch to biodegradable alternatives.

Despite benefits of using biodegradable mulches, still its use faces some challenges. These include farmers’ willingness (Chen et al., 2020; Zhang et al., 2020). A study by Chen et al. (2021) in China found that the adoption of synthetic biodegradable mulch is influenced by economic and social factors such as farmers’ education level and the effectiveness of mulch film on productivity, as well as agronomic factors. The extensive use of polyethylene mulches in agriculture has resulted in the pervasive issue of white pollution, significantly impacting the quality and safety of cultivated land and the rural environment (Zeng et al., 2013). Microplastics have been identified as a significant contributor to ecological damage and agricultural pollution (Yu et al., 2022). They exert a profound influence on soil physicochemical properties, microbial communities, and crop growth. Microplastics serve as carriers for the transfer of heavy metals or organic pollutants to organisms, as highlighted in the research conducted by Wu et al. (2023). Hofmann et al. (2023) emphasize that plastic mulch films alone contribute to approximately 50% of the total mass of agricultural plastics. Discarded plastic fragments persist in farm landscapes post-crop cycle, and the residues are often scattered across fields, land, irrigation areas, and drainage zones (Sajjad et al., 2022). This results in soil pollution and marine environmental degradation through runoff (Zeng et al., 2013; Jambeck et al., 2015). Incinerating leftover plastic can produce organic pollutants, such as furan and dioxins, contributing to air pollution (Jayasekara et al., 2005). The accumulation of plastic waste in the soil adversely affects soil porosity and structure, impeding water movement and hindering root penetration and nutrient uptake by plants (Nawaz et al., 2016; Hu et al., 2020; Li C et al., 2021).

It was reported that the residual amount of plastic film mulch in China reached 900 kg·hm-2, with root length decreasing by 33.7%, resulting in a 22% decrease in cotton yield (Zumilaiti et al., 2017). A study by Gao et al. (2021) reveals alarming statistics from China, where the average amount of plastic film mulch residue on cropland was 34.0 kg·hm-2 and reached a maximum of 317.4 kg·hm-2. Huang et al. (2023) reported that the annual consumption of plastic films for mulching or greenhouse purposes in China was about 2.5 × 106 tons. About 2 × 107 hectares of agricultural land in China is covered with mulch (Sa’adu and Farsang, 2023). Consequently, the accumulation of polyethylene mulch residues is identified as a significant factor in the presence of microplastics and this accumulation alters the nature, function and biodiversity of the soil ecosystem, thereby affecting smallholder farmers’ livelihoods (Li et al., 2020). This highlights the urgent need for sustainable solutions to address the problem of microplastic pollution in agricultural practices (Chah et al., 2022). The environmental concerns arise from the accumulation of macro and micro plastics in the soil after mulch use, in short-term studies, microbioplastic residues have similar effects on soil properties as non-biodegradable residues (Fojt et al., 2022). The size, shape and polymer composition of microbioplastic from different sources have different effects on soil properties. Macro-sized particles have greater effects on soil bulk density, porosity and hydraulic conductivity than micro-sized particles (Campanale et al., 2023). To understand the long-term impacts, a detailed study of the degradation of bioplastics, particularly synthetic biodegradable mulch, is critical. According to Menossi et al. (2021), synthetic, biodegradable mulch based on polysaccharide bio composites completely breaks down in the soil and improves soil structure, lowers pH and increases nutrient availability. Abbate et al. (2023) reported that synthetic biodegradable mulch can be completely degraded by abiotic factors such as UV light, wind, precipitation and other mechanical stresses. The biotic factors include microbes and can occur in four main stages of biodegradation consisting of fragmentation into small pieces, depolymerization (the splitting of the polymer chains into oligomers, dimers and monomers), assimilation and mineralization. During assimilation and mineralization, molecules such as CO2, N2, CH4 and H2O are released into the soil (Abbate et al., 2023).

The lack of specific standard tests for the biodegradability of synthetic, biodegradable mulch in unmanaged natural environments represents a challenge. Existing standards such as the European standard EN 17033:2018 and the American standard ISO 17556-2019 focus on achieving ≥90% biodegradation of polymeric feedstock within two years (Hayes and Flury, 2018; Dentzman and Hayes, 2019). However, due to climate and location variations, these standards may not accurately reflect the true biodegradability of synthetic biodegradable mulch in natural soil environments (Sintim et al., 2020). So assessing degradation of synthetic biodegradable mulch using thermal time is more effective than using calendar days, particularly under field conditions (Dharmalingam et al., 2015). Despite challenges, synthetic biodegradable mulch holds promise as a sustainable alternative in agriculture, provided it can match the performance of traditional polyethylene mulch and degrade into environmentally safe constituents (Miles et al., 2017).




3.3 Climate resilience with synthetic biodegradable mulch

Smallholder farmers’ vulnerability to climate change is indeed influenced by critical resources such as water, the availability, accessibility, and management of water resources play a crucial role in determining how resilient these farmers are to the impacts of climate change (Marie Chimi et al., 2023). The effective implementation of comprehensive soil and water conservation practices involves the integration of conservation agricultural methods and the adoption of smart farming practices (Danish et al., 2023). The approach enhances sustainability by mitigating soil erosion, preserving water resources, and promoting ecologically sound farming techniques, collectively contributing to the overall health and resilience of agricultural ecosystems (Marie Chimi et al., 2023; Yeleliere et al., 2023). Synthetic biodegradable mulch contributes to climate change resilience and improves the livelihood of smallholder farmers through weed control, reduces soil erosion, conserves soil moisture, and enhances soil nutrient status, which are all essential for sustainable agriculture (Iqbal et al., 2020). The materials allow for earlier planting and harvesting of crops due to increased soil temperature, improve the quality of the harvest, and provide a market benefit to farmers (de Sadeleer and Woodhouse, 2023).

Synthetic biodegradable mulch films offer a significant advantage in arid agricultural regions by enhancing water use efficiency, averaging a 9.5% increase (Thakur and Kumar, 2021). This benefit is particularly valuable for smallholder farmers facing water scarcity or drought conditions, as it helps conserve moisture and improve crop growth. In a study by Deng et al. (2019a), the use of synthetic biodegradable mulch led to a notable increase in maize biomass at harvest, with a 25% to 33% rise over three years from 2015 to 2017. This demonstrates the suitability of degradable mulch films, primarily consisting of PBAT, for large-scale adoption in arid regions. Deng et al. (2019b) also investigated the effects of biodegradable mulch films on cotton and maize in arid areas, revealing a significant increase in water use efficiency by 65–73%, which resulted in improved crop yields and positively impacted smallholder farmers’ livelihoods. Studies show that synthetic biodegradable mulch reduces soil water evaporation by 25% to 50% compared to bare soil. Additionally, several studies indicate that synthetic biodegradable mulch saves between 2% and 35% of soil moisture, depending on climatic conditions and the crop grown (Li Q et al., 2021; Jia et al., 2020; Zhang et al., 2019; Alamro et al., 2019). This results in savings of up to $978 per acre per season. Synthetic biodegradable mulch influences micro-climatic conditions by moderating soil temperature, compared to bare soil, mulched areas exhibit slower cooling and more gradual warming, potentially due to the albedo effect (Menossi et al., 2021). Notably, Moreno and Moreno (2008) found that biodegradable mulch, particularly those primarily composed of PBAT, induces lower temperatures than black polyethylene mulch. This could be attributed to the prevention of water exchange between air and soil, leading to reduction in latent heat flux (Menossi et al., 2021). Consequently, the modification of soil temperature by synthetic biodegradable mulch proves beneficial for crop growth, contributing to higher yields and improved harvest quality, ultimately aiding in the adaptation to climate change and improving the livelihood of the small holder farmers in tropical hot environments.




3.4 Policy enforcement for the sustainable use of synthetic biodegradable mulch

In the context of sustainable agriculture, institutional policies play an important role in shaping the impact of synthetic biodegradable mulch across its lifecycle, from production to application and disposal. Effective policies are essential for promoting environmentally responsible manufacturing practices, ensuring alignment with sustainability goals (Table 5). For instance, the National Organic Program (NOP) in the USA mandates that synthetic biodegradable mulch must be free from genetically modified organisms (GMOs) and excluded methods in feedstock, thereby prohibiting materials like polyvinyl chloride and oxo-degradable mulches. Similar regulations are enforced by entities such as the Canadian General Standard Board (Kim, 2022; Madrid et al., 2022). In 2022, the European Commission introduced a policy framework for sustainable biobased, biodegradable, and compostable plastics, endorsed by European Bioplastics (European Bioplastics, 2023). This framework highlights the role of biobased plastics in advancing EU climate goals, while industrially compostable plastics enhance waste recycling, also, a clear communication and certification prevent green washing. Bioplastics contribute to circularity, climate objectives, reduce environmental impact, microplastic accumulation, aid soil health, and foster a greener future (European Bioplastics, 2023). The EU has established standards like EN 13432 to facilitate organic recycling of compostable plastics (European Bioplastics, 2021). However, petroleum-based biodegradable mulch is currently permitted for organic producers without strict biobased ingredient requirements. Plans for mulch review in 2024 could lead to regulatory changes in EU policy (European Bioplastics, 2021).


Table 5 | Outline of policy implications in sustainable use of synthetic biodegradable mulch for improving smallholder farming system.



In Asia, particularly China, Japan, and India, there is a significant uptake of biodegradable mulch films in organic farming, driven by a shift toward eco-friendly options and environmental regulations (Filiciotto and Rothenberg, 2021). Africa, typical example by Rwanda’s ban on single-use plastics, shows increasing interest in biodegradable plastics (Babayemi et al., 2019; Filiciotto and Rothenberg, 2021). However, detailed policy information for Asian and African countries on the use of synthetic biodegradable mulch is limited. The European Union’s regulatory framework for biodegradable and bio-based plastics may influence adoption in these regions (Filiciotto and Rothenberg, 2021). Despite the details of specific policies, in African countries are not readily available. The increasing awareness of the harmful effects of plastic pollution and the need for sustainable farming practices suggests a potential for the adoption of biodegradable mulch materials in the region (Babayemi et al., 2019). Overall, the trend towards biodegradable mulch materials reflects a global move towards sustainability in agriculture, driven by environmental concerns and the search for eco-friendly alternatives to traditional plastic mulch films. Incentivizing farmers to adopt synthetic biodegradable mulch, governments and organizations can offer financial incentives like subsidies or tax credits, helping offset initial transition costs from conventional plastic mulch (Kim, 2022). However, challenges such as varying degradation rates depending on environmental conditions and regulatory hurdles from institutions like the National Organic Program can pose obstacles for farmers (Goldberger et al., 2013). Addressing these challenges through financial incentives, educational outreach, and technical assistance can encourage wider adoption of synthetic biodegradable mulch, contributing to a more sustainable agricultural system (Madrid et al., 2022). Also, establishing a rigorous certification and testing procedure is crucial to ensure that synthetic biodegradable mulch adheres to defined compostability and biodegradability standards (Miles et al., 2017). This approach fosters confidence in the product, motivating farmers to embrace its use, while also ensuring that breakdown products pose no toxicity or persistent environmental presence, being fully assimilated by the soil (Corbin et al., 2013). Institutions can play a crucial role in promoting the sustainable use of synthetic biodegradable mulch through educational outreach programs aimed at informing growers about its benefits and proper usage (Madrid et al., 2022; Kim, 2022). Therefore, effective policies for promoting environmentally responsible manufacturing and application practices of synthetic biodegradable mulch and its sustainable use can include a combination of strategies, including certification standards, regulatory compliance, incentives and subsidies, research and development, education and awareness, environmental protection, sustainable sourcing and raw materials, waste management, and energy-efficient manufacturing. These policies are essential for ensuring that manufacturing processes and application align with sustainability goals and contribute to a more eco-friendly environmentally and sustainable future.





4 Conclusions and future scope

Mulching practices offer an essential benefits, including conserving soil moisture, enhancing soil nutrient status, controlling erosion, suppressing weed growth, improving microbial activities, and moderating soil temperature, they reduce soil water losses, protect against temperature extremes, and improve soil structure by increasing aeration and aggregating soil particles. Synthetic biodegradable mulch plays an important role in fostering both economic and environmental sustainability, through enhances crop yields, reduces water usage, and lowers greenhouse gas emissions. Moreover, synthetic biodegradable mulch provides comparable or superior benefits to traditional polyethylene mulch which is commonly used, in terms of crop yield, quality, and protection, and mitigating plastic waste, soil pollution, and disposal costs. Its use significantly enhances soil fertility, water use efficiency, and nutrient management, thereby contributing to soil and water conservation, climate change resilience, and the livelihoods of smallholder farmers, surpassing other widely used mulches like polyethylene.

Despite its potential, synthetic biodegradable mulch faces some barriers to widespread adoption, high initial costs, particularly compared to polyethylene mulch, may discourage farmers, particularly those in developing countries with limited financial resources. The lack of awareness and knowledge about synthetic biodegradable mulch among farmers, consumers, and policymakers also affects its demand and supply. Unclear standards and regulations create confusion and uncertainty regarding synthetic biodegradable mulch quality, performance, and safety. Inadequate research and development limit synthetic biodegradable mulch innovation and improvement in terms of biodegradability, durability, functionality, and diversity. A well-designed policy framework can be imperative to promote the sustainable use of synthetic biodegradable mulch without adverse environmental implications. This can include providing financial incentives and support for farmers and manufacturers, conducting educational programs, developing certification and testing systems, and investing in research and development. Collaborative efforts involving regulatory agencies, industry, academia, and government are essential to ensure sustainable manufacturing and application practices for Synthetic biodegradable mulch.

The synthetic biodegradable mulch holds a significant potential to enhance smallholder farmer’s livelihoods and contribute to environmental sustainability and climate change resilience, and further research and innovation are indeed crucial to optimize the application and adoption of synthetic biodegradable mulch, research area, including the economic, degradability in different environment and raw materials of synthetic biodegradable mulch as a beneficial choice for farmers. The results will provide evidence of the importance of sustainable use of synthetic biodegradable mulch and improve farmer’s livelihoods, and promote its sustainability use.
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Mater-Bi®
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Sunshine Paper, Aurora,
CO, USA
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Co., China
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‘Waco, TX, USA
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Melon(Cucumis melo) Starch-based mulch film Mater-Bi® 3.1 (Lapichino et al., 2014)
Conventional PE mulch film 36
Control (Bare soil) 1.7

Maize(Zea mays) PCL/starch mulch films B1 0.8 (Yin et al., 2019)
PCL/starch mulch films B2 0.9
PCL/starch mulch films B3 0.8
Conventional PE mulch film 0.8
Control (Bare soil) 0.7

Cotton(Gossypium spp) Starch-based mulch film 5.4 Wang et al. (2019)
Conventional PE mulch film 57
Control (Bare soil) 4.8

Zucchini (Cucubita pepo) Starch-based mulch film NF 803/P-12 (Mater-Bi®) = 4.5 (Minuto et al., 2008)

Starch-based mulch film NF 803/P-12 (Mater-Bi®) 4.6

Conventional PE mulch film 4.3
Control (Bare soil) 2.1
Lettuce (Lactuca sativa) Starch-based mulch film Mater-Bi® 1 0.3 (Cozzolino et al., 2020)
Starch-based mulch film Mater-Bi® 2 03
Conventional PE mulch film 03
Control (Bare soil) 0.2
Broccoli (Brassica oleracea var. italica) Poly (butylene adipate-co-terephthalate) (PBAT) 15 (Shan et al., 2022)
Conventional PE mulch film 15
Control (Bare soil) 1.2
Chili paper (Capsicum spp) Poly (butylene adipate-co-terephthalate) (PBAT) 48
Conventional PE mulch film 4.9
Control (Bare soil) 4.0
Garlic (Allium sativa) Poly (butylene adipate-co-terephthalate) (PBAT) 2.2
Conventional PE mulch film 2.3

Control (Bare soil) 1.8
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Polyhydroxyalkanoates ~ Microorganism = Produced Commercially available PHA $4.00 to $7.00/kg (Zytn al., 2023; Ghimire and
(PHA) by microorganism Miles, 2020; Nogueira et al., 2018)
Thermoplastic Natural Starch, cellulose, and Cheaper than other $2.00 to $3.00/kg (Alliedn H
Starch (TPS) Material thermoplastic starch biobased polymers i ! es, 2020)
Polylactic Acid (PLA) Chemical Synthetic polymerization Relatively inexpensive compared | $ 2.5 to $ 4.00/kg ( enreuther ,2021;

Synthetic of lactic acid into PLA to other biobased polymers i Miles, 2020)
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compostability standards

Environmental impact, west
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quality products.

Adoption of environmentally

(NOSB, 2019)

Biodegradable friendly, soil conservation and
Mulch Use sustainable agriculture
Raw material Promotion of environmental (Madrid et al.,
and production sustainable materials and 2022; Soylu and
sustainable sourcing Kizildeniz,
2024)
Educational Awareness, knowledge, Madrid et al.,
and extension Sustainable use and 2022;
quality produces Kim, 2022)
Farm Subsidies and Encourage farmers and
financial Support agricultural producers to (Kim, 2022)

transition to SBM and sustainable
environmental conservation.

Certification
and Testing

Assurance of product quality,
performance and improve
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(Miles et al.,
2017; Filiciotto
and

Cycle Assessment Rothenberg,
2021)
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protection minimizing its long-term Rothenberg,
environmental impact. 2021;
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More resilient and (Filiciotto and
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Research Promote innovative approach to (Soylu and
and Development biodegradable mulch Kizildeniz,
2024)

Energy

Efficient Manufacturing

‘Waste management

Emphasizing and incentivizing
energy-efficient manufacturing
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(Filiciotto and

Rothenberg,
2021)

(Soylu and
Kizildeniz,
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