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Accumulation of microplastics (MPs) in soil is a serious environmental concern. Addition of exogenous MPs can alter structure and physicochemical properties of and material transport in soil. MPs are particularly toxic to earthworms, which are soil ecosystem engineers, and exacerbate ecological risks; however, there is a lack of comprehensive and in-depth analyses of how MPs exhibit toxicity to/towards earthworms. In this study, we report a bibliometric analysis of 77 peer-reviewed papers published before December 2021 to systematically analyze how the addition of exogenous MPs contributes to earthworm toxicity and clarify the historical development and research hotspots in this field. We found that first, polyethylene and polystyrene are the most common materials used to study the toxic effects of MPs on earthworms. Second, the toxic mechanisms of MPs on earthworms mainly involve histopathological damage and oxidative stress, as well as serving as carriers of complex pollutants (e.g., heavy metals and organic pollutants) through combined adsorption–desorption. Third, oxidative stress is the typical reaction process of MPs toxicity in earthworms. When the content of MPs in soil exceeds 0.1%, earthworm growth is affected, and oxidative stress is induced, resulting in neural and DNA damage. Based on published studies, the prospects for future research on the ecological risks posed by MPs to earthworms have also been discussed. Overall, our findings help clarify the ecological risk of soil MPs toxicity to earthworms, reveal the mechanism of their toxic effects, and provide a theoretical basis for future studies focusing on establishing a healthy and ecologically sustainable soil environment.
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1 INTRODUCTION
In 2004, Thompson et al. (2004) first defined plastic particles or debris in the ocean smaller than 5 mm as microplastics (MPs). According to one assessment, approximately 6.1 million tons of plastic waste was discharged into the terrestrial water environment in 2019 (OECD, 2022), and varying levels of MPs contamination have been reported in plankton, benthic organisms, and fish (Goldstein and Goodwin, 2013; Okamoto et al., 2022; Su et al., 2016). Soil is a more important “sink” for MPs than marine and freshwater environments (Li et al., 2020; Yu et al., 2021); the total amount of MPs entering the soil yearly is approximately 4–23 times greater than that entering the marine environment (Xu et al., 2020). Moreover, the distribution of MPs in soil shows significant spatial heterogeneity (Ding L. et al., 2021; Yu et al., 2021; Li J. et al., 2022). This may be related to the wide range of MPs sources, including agricultural film mulching, organic fertilizer application, sewage irrigation, atmospheric deposition, and fragmentation of larger plastics (Nizzetto et al., 2016; Magni et al., 2019; Zhou B. et al., 2020; Wu et al., 2021; Yu et al., 2021; Li S. et al., 2022; Zhang et al., 2022). Owing to their large specific surface area, MPs can act as carriers in the enrichment and migration of heavy metals and organic pollutants (e.g., pyrene) in the environment, resulting in compound pollution effects (Liu et al., 2018; Huang et al., 2021a; Cao et al., 2021; Jia et al., 2021). Once MPs enter the soil environment, they affect soil porosity, microbial diversity, community structural composition, and water-holding capacity (Wang J. et al., 2019; Pinto-Poblete et al., 2022; Wang W. et al., 2022; Zhao et al., 2022). Furthermore, the uptake of MPs by soil organisms affects digestive processes, resulting in bioaccumulation and biomagnification effects (Wang H. et al., 2019; Li M. et al., 2021; Xu & Yu, 2021; Zhao et al., 2022). Moreover, the activities of soil organisms drive the migration of MPs from the topsoil to the subsoil (Yu et al., 2019), thus increasing the risk of MPs entering groundwater (Zhang et al., 2018; Yu et al., 2020; Heinze et al., 2021).
As a common soil invertebrate, the earthworm improves soil structure and influences soil material circulation and energy flow through feeding, digestion, excretion, secretion, and burrowing. It is widely considered a soil ecosystem engineer (Liwarska-Bizukojc, 2021; Zhong et al., 2021; Boughattas et al., 2022). Earthworms are also important model organisms in ecotoxicology research, and their physiological activity and metabolic status reflect the degree of soil contamination (Bernard et al., 2015). For example, earthworms have been used in 60% of the studies investigating the biological effects of MPs on soil fauna; the commonly used earthworm species include Eisenia fetida, E. andrei, and Lumbricus terrestris (Spurgeon et al., 2005; Li M. et al., 2021). E. fetida and E. andrei are the recommended species for soil contamination studies according to international standards (OECD, 2004), owing to their high activity and reproduction rate, short life-cycle, and sensitivity to pollutants; however, they only inhabit surface soil layers rich in organic matter (Liu Y. et al., 2022; Xiao et al., 2022). Meanwhile, L. terrestris is an anecic earthworm that can excavate channels up to several meters deep, thus having a natural advantage when studying the migration of MPs in the soil profile (Yu et al., 2019; Baeza et al., 2020).
Although many studies have investigated the ecological risk of MPs toxicity to earthworms, there is a lack of systematic review of the literature. This study aimed to identify the historical development of the field and current research hotspots using the Web of Science core dataset to visualize and analyze data from the existing literature. We also highlight some shortcomings in existing research and identify future research priorities.
2 MATERIALS AND METHODS
2.1 Data sources
We retrieved relevant papers using the search terms {“microplastics”} and {“earthworm”} in the Web of Science core set database. We only retained documents of the “ARTICLE” type to limit our search to peer-reviewed original papers; there were no restrictions on language, data category, and publication year. After filtering, we obtained 77 records, including complete records and citation files in the “.txt” format, published between 2016 and 2021.
2.2 Data visualization and analysis
Statistical analysis and visualization of the literature were performed using the R language in the bibliometric package (version 3.2.1) and VOSviewer (version 1.6.17), respectively, and the keywords and co-cited references of the published literature were analyzed by mapping social networks (Small, 1973). In bibliometric research, these techniques can directly reflect research hotspots based on two-dimensional graphics (Liu J. et al., 2022). Specifically, we used the VOSviewer to perform a cluster analysis and create a social network map, in which the size of the nodes represents the frequency of occurrence, and the thickness of the lines between the nodes indicates the strength of the association (Zhang et al., 2020). Co-word analysis was also used to visualize the correlation and development between different research themes using the bibliometric data. Summary statistics of the highly cited literature were calculated using the MS Excel software, which was also to identify the current research hotspots and trends in research on MPs–earthworm interactions in soil.
3 RESULTS
3.1 Current research hotspots
Highly cited papers reflect the hotspots, experimental methods, and trends in the research field, and the top 10 most frequently cited papers (nine research papers and one review) are listed in Table 1. The nine research papers were all conducted as simulated exposure experiments, with food and environmental exposure as the two most prominent experimental variables. Of these studies, 50% used low-density polyethylene (LDPE); the MP particle sizes typically ranged from 50 to 1,000 μm, the MPs exposure dose ranged from 0 to 2,000 mg/kg, and the earthworm species used were E. fetida and L. terrestris.
TABLE 1 | Highly cited literature on the interactions between microplastics (MPs) and earthworms (published up to December 2021).
[image: Table 1]TABLE 2 | Co-cited literature on the interactions between microplastics (MPs) and earthworms (published up to December 2021).
[image: Table 2]The main mechanism by which earthworms were harmed by MPs is ingestion, with a notable focus on its effects on earthworm growth (Huerta Lwanga et al., 2016; Huerta Lwanga et al., 2017a). The ingestion of MPs by earthworms affects the earthworm gut bacterial community (Wang H. et al., 2019), and earthworm gut bacteria can promote plastic degradation (Huerta Lwanga et al., 2018), thereby increasing the risk of MPs entering the groundwater (Zhang et al., 2018; Yu et al., 2020; Heinze et al., 2021). Ingestion of MPs may cause mechanical damage to the digestive organisms in earthworms, and Fourier-transform infrared-attenuated total reflectance (FTIR-ATR) spectroscopy and intestinal pathology analyses indicate that MPs can damage the intestinal tract of earthworms (Rodriguez-Seijo et al., 2017). MPs also stimulate oxidative stress in earthworms and reduce the stability of the cellular lysosomal system. Higher protein and lipid contents have also been noted in earthworms following the ingestion of MPs. Following MPs ingestion, various enzymes may be produced as a stress-response mechanism of the immune system, while on the other hand, earthworms may experience an increase in saturated fatty acids to reduce sensitivity to free radicals (Rodriguez-Seijo et al., 2018).
MPs have a large number of functional groups on their surfaces that can adsorb and immobilize heavy metals through complexation and electrostatic adsorption, respectively. Therefore, MPs may act as carriers that increase the accumulation of heavy metals in earthworms, reduce their growth rate, and increase their mortality, while also causing oxidative stress (Hodson et al., 2017; Prendergast-Miller et al., 2019; Zhou et al., 2020b). Owing to their different properties, MPs of different polymer types may enhance or reduce the damage caused by organic pollutants to earthworms (Wang J. et al., 2019; Xu et al., 2022). For example, non-polar polyethylene and polypropylene do not contain specific functional groups, and van der Waals forces play a major role in the adsorption of organic pollutants. Polystyrene can interact with aromatic compounds (e.g., polychlorinated biphenyls) via π-bonding, resulting in the stronger adsorption of organic matter (Ballent et al., 2016; Mei et al., 2020). Wang J. et al. (2019) found that MPs reduced the effects of hydrophobic organic compounds (HOCs) on earthworms through competitive sorption.
Existing studies have mostly used simulated experimental conditions. Some of these studies have used much higher MPs exposure doses than those found in natural soil to facilitate the observation of their impacts on earthworms. This has, however, limited the applicability of experimental findings to the natural environment. Moreover, the natural soil environment is often more complex than the soils used in experiments, and factors such as temperature, pH, and salinity can impact MPs adsorption, which remains understudied. The accumulation and biological effects of organic pollutants and heavy metals in earthworms can be altered by MPs through the adsorption-desorption process; however, we identified only three studies on this in the highly cited literature (Hodson et al., 2017; Wang H. et al., 2019; Zhou et al., 2020c).
3.2 Co-citation analysis
Co-citation refers to the frequency of two papers being cited simultaneously (Small, 1973), which reflects the relevance of research content and is used as the basis for cluster analysis. As shown in Figure 1, the 15 publications cited more than 20 times formed a co-citation map. These publications were grouped into three clusters. Within the first cluster (red in Figure 1), Rillig (2012) suggested that it is necessary to investigate MPs contamination in soil and explore the effects of MPs on soil function and biodiversity. The growth rate of earthworms is affected by the MPs content of the soil (Huerta Lwanga et al., 2016; Huerta Lwanga et al., 2017b). In the second cluster (green in Figure 1), articles focused on the MPs content, sources, and transport pathways in the soil. For example, Souza Machado et al. (2018) found that soil MPs content is associated with the number of people living near the sampling site, and Huerta Lwanga et al. (2017a) showed that MPs can be enriched through the soil–earthworm–chicken food chain. Within the third cluster (blue in Figure 1), Horton et al. (2017) performed a quantitative study to evaluate the single and compound effects of MPs in soil and reported that MPs can increase the accumulation of heavy metals in earthworms, reduce their growth rate, and increase their mortality.
[image: Figure 1]FIGURE 1 | Co-citation map of studies published until December 2021 focusing on the interactions between microplastics and earthworms. The size of the nodes indicates the frequency of occurrence, and the thickness of the lines between the nodes indicates the strength of the association. Three main clusters were identified: Cluster 1, red; Cluster 2, green; and Cluster 3, blue (see also Table 2).
3.3 Keyword co-occurrence analysis
Keywords are used to reflect the core content of a study, and co-occurrence analysis of keywords is commonly used in bibliometric studies to clarify research hotspots (Zhang et al., 2020). In this study, 49 keywords were obtained, of which 34 occurred at least five times (Figure 2). In our keyword co-occurrence mapping, polyethylene and polystyrene were the two most representative MPs types in studies investigating toxicity to earthworms. Centrality measures the degree to which a particular node lies on the shortest path between the other nodes. A higher centrality value indicates a stronger influence of a specific node. The top 10 keywords for centrality were “microplastics” (centrality = 1.00, 66 occurrences), “soil” (0.97, 28 occurrences), “pollution” (0.94, 30 occurrences), “earthworm” (0.88, 31 occurrences), “exposure” (0.90, 27 occurrences), “accumulation” (0.90, 27 occurrences), “toxicity” (0.90, 22 occurrences), “oxidative stress” (0.72, 13 occurrences), “ecosystem” (0.63, 9 occurrences), and “ingestion” (0.58, 10 occurrences). MPs have become an emerging pollutant in soil ecosystems, and most studies have focused on the toxic effects on earthworms following MPs ingestion; the mechanism of toxicity is induction of oxidative stress, which is consistent with the results discussed in Section 3.1. Figure 2 also shows that research in this field draws from a range of disciplines. For example, within engineering, hot topics of research include adsorption and sorption, with respect to compound pollution caused by MPs and other contaminants; in metabolomics, hot topics include DNA (i.e., DNA damage); and in microbiology, hot topics include the gut microbiota.
[image: Figure 2]FIGURE 2 | Keyword co-occurrence map of studies published until December 2021 focusing on the interactions between microplastics and earthworms. The size of the nodes indicates the frequency of occurrence, and the thickness of the lines between the nodes indicates the strength of the association.
3.4 Keyword co-word analysis
Keyword co-word analysis clusters keywords using multiple correspondence analysis methods, which show the connections between keywords in the form of a two-dimensional graph; the closer the connections between keywords, the closer their positions are in the graph. The keyword classification results are shown in Figure 3 and are divided into two clusters. Principal components 1 (Dim1) and 2 (Dim2) explained 24.70% and 19.04% of the total variance, respectively, with a cumulative explanation of 43.74%. Cluster 1 (blue in Figure 3) consists mainly of “Nile red” (a common dye used for the quantitative counting of MPs using fluorometric methods), “contaminants and pollutants,” “hydrophobic organic chemicals,” “sorption,” and “desorption.” The keywords in cluster 1 reflect a focus on the influence of the adsorption-desorption properties of MPs on the accumulation and bioavailability of HOCs in earthworms. Cluster 2 (red in Figure 3) includes “exposure,” “toxicity,” “accumulation,” “ecosystem,” and “damage,” representing studies primarily focused on the hazards to earthworms following exposure to MPs.
[image: Figure 3]FIGURE 3 | Keyword concept structure map. Two main clusters were identified: Cluster 1, blue and Cluster 2, red.
With further analysis of the co-word analysis results, we identified the inter-relationship of the research directions in this field (Figure 4). The horizontal axis in Figure 4 indicates the degree of relevance (centrality) as a measure of the importance of a research direction in the development of the entire research field. The vertical axis represents the degree of development (density), which is a measure of the current state of development of a research direction. Based on the degree of relevance and development in the field, the research directions within the current literature can be divided into the following four categories.
1. Motor themes (upper right quadrant in Figure 4). The research directions in this quadrant are well developed and have strong relevance to the whole field. The main research direction in this quadrant included the keywords “oxidative stress,” “DNA damage,” “agricultural soils,” and “comet assay.” This includes evidence of oxidative stress and DNA damage in earthworms following the ingestion of MPs, which corresponds with the keyword co-occurrence results, an understanding of which can be explained at the molecular level via metabolomics analyses (Li B. et al., 2021).
2. Niche themes (upper left quadrant in Figure 4). The research directions in this quadrant show a strong state of development, but are considered less important and more marginal to the wider field. The first theme in this quadrant is “dissolved organic matter” (DOM), reflecting a focus on the sorption and desorption of DOM by MPs. Importantly, DOM can enhance the adsorption of heavy metals by MPs and increase the bio-effectiveness of heavy metals in the earthworm gut (Zhou B. et al., 2020). The second theme includes “pesticides” and “chlorpyrifos,” indicating a focus on the compound effect of MPs and pesticides on earthworms, with some studies showing that MPs can significantly enhance the toxicity of pesticides (Cheng et al., 2020).
3. Emerging or declining themes (lower left quadrant in Figure 4). The research directions located in this quadrant are neither well developed nor marginal within the overall field of research. No keywords were positioned in this quadrant.
4. Basic themes (lower right quadrant in Figure 4). These themes represent the basic research directions of the whole field, with five keyword clusters identified. The first cluster includes the keywords “ingestion,” “earthworms,” “degradation,” “growth,” “bacterial communities,” and “avoidance behavior.” This direction of research is concerned with the negative effects of MPs ingestion on earthworms, often involving the study of the changes in the biomass and behavior of earthworms during experimental treatments (Ding W. et al., 2021). The second cluster includes the keywords “contaminants and pollutants,” “sorption,” “hydrophobic organic chemicals,” “desorption,” and “Nile.” This is consistent with Cluster 1 in the co-word analysis (Section 3.4), reflecting a focus on the effect of MPs adsorption-desorption properties on the accumulation and bio-effectiveness of HOCs in earthworms (Gong et al., 2019). The third cluster is formed by the keywords “exposure,” “soil,” “toxicity,” “accumulation,” and “bioaccumulation,” reflecting a focus on the effects of MPs on the accumulation of heavy metals in earthworms. For example, the concentration of MPs to which earthworms are exposed can influence heavy metals accumulation and bio-effectiveness, often resulting in a metabolic imbalance (Xu B. et al., 2021). The fourth cluster is formed by the keywords “transport,” “particles,” “biodegradation,” “environment,” “fate,” and “gut microbiota,” indicating a focus on the effects of MPs on the gut flora of earthworms. For example, MPs can change the composition of earthworm gut flora and affect metabolic activity by altering the biological effectiveness of heavy metals and organic pollutants (Yang et al., 2022). Lastly, the fifth cluster in this quadrant is formed by the keywords “plastics,” “release,” “behavior,” “health,” and “retention.” These keywords indicate a focus on the effects of plasticizer release from MPs on earthworms (Li et al., 2019). Notably, as different plasticizers can be added during MPs production (Li S. et al., 2021) and the factors affecting the leaching of plasticizers are not yet clear (e.g., MPs shape and particle size), more work is needed to examine the compound effects of MPs and plasticizers on earthworms.
[image: Figure 4]FIGURE 4 | Keyword clustering of articles published until December 2021 focusing on the interactions between microplastics and earthworms. The minimum frequency of occurrence (per 1,000 documents) for each research direction is more than five. The size of the circles represents the number of articles published in the corresponding direction. The horizontal axis represents the relevance (centrality), which measures the importance of a research direction in the overall development of the research field. The vertical axis represents development (density), which measures the current state of development of a research direction. Research directions can be divided into the following categories: motor themes in the upper right corner (quadrant 1), niche themes in the upper left corner (quadrant 2), emerging or declining themes in the lower left corner (quadrant 3), and basic themes in the lower right corner (quadrant 4).
3.5 Temporal trends in keywords
Based on the results of the keyword co-word analysis, research within this field was divided into two main categories—the influence of MPs adsorption-desorption properties on the accumulation and bio-effectiveness of other contaminants in earthworms, and the toxic effects of MPs ingested by earthworms. To examine changes within the field over time, the use of keywords was examined across successive 2-year intervals. Overall, the number and range of keywords have increased over time. For example, in 2016–2017, the field was in its infancy, with fewer keywords mainly focusing on the toxic effects of MPs accumulation in the bodies of earthworms after ingestion (Figure 5). During this period, there were no keywords relating to the adsorption-desorption characteristics of MPs, indicating that this theme was not attracting much research attention. A notable increase in the number of keywords occurred during 2018–2019 (Figure 6). In addition to a focus on MPs accumulation in earthworms as well as their effects on MPs migration within soils, attention started to be given to the effects of MPs on earthworm growth and the damage associated with MPs ingestion. Other research directions emerging during this period included the effect of earthworm ingestion on intestinal flora, the toxicity of nano-MPs, and the adsorption properties of MPs. Between 2020 and 2021, the number of keywords increased in all research directions, with studies becoming increasingly more specific (Figure 7). In addition to the traditional research directions, keywords relating to oxidative stress and biomarkers appeared for the first time alongside a growing focus on the influence of the sorption and desorption properties of MPs on HOCs. These research themes are not only well developed, but also have high importance for the entire research field, constituting the dominant research direction for the last 2 years.
[image: Figure 5]FIGURE 5 | Keyword clustering of articles published from 2016 to 2017 focusing on microplastics and earthworms. The minimum frequency of occurrence (per 1,000 documents) for each research direction is more than five. The size of the circles represents the number of articles published in the corresponding direction. The horizontal axis represents relevance (centrality), which measures the importance of a research direction in the overall development of the research field. The vertical axis represents development (density), which measures the current state of development of a research direction.
[image: Figure 6]FIGURE 6 | Keyword clustering of articles published from 2018 to 2019 focusing on microplastics and earthworms. The minimum frequency of occurrence (per 1,000 documents) for each research direction is more than five. The size of the circles represents the number of articles published in the corresponding direction. The horizontal axis represents relevance (centrality), which measures the importance of a research direction in the overall development of the research field. The vertical axis represents development (density), which measures the current state of development of a research direction.
[image: Figure 7]FIGURE 7 | Keyword clustering of articles published from 2020 to 2021 focusing on microplastics and earthworms. The minimum frequency of occurrence (per 1,000 documents) for each research direction is more than five. The size of the circles represents the number of articles published in the corresponding direction. The horizontal axis represents relevance (centrality), which measures the importance of a research direction in the overall development of the research field. The vertical axis represents development (density), which measures the current state of development of a research direction.
4 DISCUSSION
4.1 Toxic effects of MPs on earthworms
According to our analysis of highly cited articles and the keywords, MPs can cause toxicological effects on the digestive and metabolic systems of earthworms in the following ways.
(1) Earthworm mortality. Lower MPs content of soil corresponds to longer survival time of inhabiting earthworms. Huerta Lwanga et al. (2016) found that earthworm growth was significantly lower in 28%, 45%, and 60% polyethylene treatments compared to a 7% treatment and a blank control (0%), and mortality rates were correspondingly higher in all high-concentration treatment groups after 60 days. In contrast, Rodriguez-Seijo et al. (2017) found no significant difference in earthworm mortality among treatments after exposure to 62.5–1,000 mg kg−1 of polyethylene MPs, with generally no effect on growth when the MPs content was less than 0.1% w/w. Prendergast-Miller et al. (2019) reached a similar conclusion after exposing earthworms to a polyester microfiber environment (0.1% w/w) for 35 days. In addition, the toxic effects of MPs on earthworms are closely related to the type, size, and shape of MPs, and experimental conditions should also be comprehensively considered in subsequent experiments.
(2) Histopathological damage. MPs can cause histopathological damage to earthworms both in vivo and in vitro. Soil MPs can adhere to the surfaces of earthworms as they burrow. For example, Chen et al. (2020) observed bristle wounds and epidermal damage after 28 days of exposure to low-density polyethylene (1.5 g kg−1, <400 μm). MPs can cause histopathological damage to the digestive system of earthworms. For example, Rodriguez-Seijo et al. (2018) found that earthworms exposed to MPs (polyethylene <1 g kg−1, 25–1,000 μm) for 28 days showed significant intestinal tissue damage including the loss of intestinal epithelial tissue, congestion, and signs of inflammation in the intestinal wall.
(3) Oxidative stress response. The oxidative stress response is one of the hot topics of current research, in which MPs can affect the antioxidant system of earthworms and cause changes in antioxidant enzyme activity. After MPs ingestion by earthworms, the antioxidant system functions in three stages. The first stage is a rapid increase and excessive accumulation of reactive oxygen species—an indicator of oxidative stress—after the contaminant enters the body, which can result in oxidative damage. In the second stage, antioxidant enzyme activity (e.g., glutathione synthetase, GSH) and antioxidant molecules including superoxide dismutase, catalase, and glutathione scavenge reactive oxygen species. For example, Jiang et al. (2022) demonstrated that the toxic effects of polystyrene MPs on earthworms resulted in oxidative stress associated with altered activities of glutathione and superoxide dismutase. In the third stage, when oxidative stress exceeds the earthworm’s antioxidant capacity, increased malondialdehyde levels are associated with neurological damage. For example, earthworms exposed to LDPE MPs (particle size <400 μm) for 28 days were subjected to remarkable oxidative stress, with significant increases in catalase and malondialdehyde levels (Chen et al., 2020).
(4) DNA damage. The ingestion of MPs can cause DNA damage in earthworms. For example, using single-cell gel electrophoresis (comet assay), Jiang et al. (2022) found that earthworms exposed to polystyrene MPs showed higher levels of DNA damage, especially in a group treated with large particles and at high concentrations; Prendergast-Miller et al. (2019) found similar results, where environmental exposure to MPs (1% w/w) resulted in abnormal expression of the stress biomarker mt-2 and hsp70 genes, suggesting that the accumulation of reactive oxygen species may be the reason for abnormal gene expression in earthworms.
4.2 Combined toxicity of MPs with other pollutants
In addition to their toxicity, the small particle size, large specific surface area, and surface hydrophobicity of MPs meant that they can easily adsorb heavy metals and organic pollutants from the soil, thereby producing a compounding effect on earthworms (Hodson et al., 2017). For example, Huang et al. (2021a) experimentally demonstrated that MPs increase the accumulation of Cd in earthworms, and another study showed that co-exposure to MPs and Cd (>300 mg kg−1) for 42 days resulted in a higher mortality and significant increase in Cd accumulation in earthworms (Zhou et al., 2020b). Although some studies showed that MPs can also increase the bio-effectiveness of heavy metals in earthworms, some have drawn the opposite conclusion. MPs in the earthworm gut can reduce the accumulation and bio-effectiveness of As via adsorption (Wang J. et al., 2019). Furthermore, aging MPs adsorbed more heavy metals, probably in association with a higher number of oxidation-binding sites on their surfaces. Nevertheless, studies on the sorption-desorption properties of heavy metals by MPs remain limited; thus, further work is needed to better explain the complex and combined effects of MPs on earthworms.
MPs also have good adsorption capacities, with respect to organic pollutants, such as polycyclic aromatic hydrocarbons and polychlorinated biphenyls. Rochman et al. (2013) reported that the adsorption–desorption properties of different MPs were significantly different, with the relative order of polycyclic aromatic hydrocarbon adsorption as follows: high-density polyethylene > LDPE > polypropylene (PP) > polyvinyl chloride (PVC). Thereby, MPs can alter the accumulation and bio-effectiveness of organic pollutants in earthworms through sorption and release processes (Xu et al., 2019; Vieira et al., 2021; Xu G. et al., 2021; Xiang et al., 2022). This is reflected by higher levels of pyrene and phenanthrene residues in earthworms in MPs-contaminated soils (Xu G. et al., 2021; Liu Y. et al., 2022). Cheng et al. (2020) also observed that the combined exposure of LDPE and atrazine resulted in higher levels of atrazine in earthworms than their single exposures. Sun et al. (2021) obtained similar results for the combined exposure of earthworms using MPs and dufulin. However, MPs did not always enhance the bio-efficacy of other contaminants in earthworms. For example, Wang J. et al. (2019) found that MPs reduced the effects of organic pollutants (HOCs) via competitive sorption. The release of plasticizers from MPs can also have toxic effects on earthworms. Gaylor et al. (2013) reported that polybrominated diphenyl ether can accumulate in earthworms after leaching from polyurethane foam particles, while Li et al. (2019) found that hexabromocyclododecanes can reach concentrations of up to 307–371 ng g−1 in earthworms after 28 days of exposure to MPs.
Despite these advances, the enhancing and inhibiting effects of MPs on other contaminants in earthworms need to be further investigated under different exposure scenarios. Indeed, earthworms may ingest MPs and other adsorbed contaminants (Yang et al., 2006; Wang H. et al., 2019; Yang et al., 2019). In addition, MPs particle size, degree of aging, and external environmental conditions (temperature, pH, and salinity) can affect the adsorption–desorption processes, subsequently influencing the accumulation and bio-effectiveness of contaminants in earthworms (Liu et al., 2019; Wang Y. et al., 2022; Zhou et al., 2022).
5 RESEARCH PROSPECTS
Owing to the complexity of the soil environment and specificity of MPs, the ecological risk of MPs toxicity to earthworms requires further research. Based on our bibliometric analysis, the following research directions have been identified.
First, most experiments have used polyethylene and/or polystyrene, often employing one particle size only. However, the toxic effects of MPs on earthworms may be influenced by the type, size, and shape of the MPs used. Therefore, the toxic effects of multiple plastics need to be assessed, alongside the type, size, and shape of MPs. In addition, aging microplastics have stronger adsorption capacity and toxicity than original microplastics, thus requiring special attention from researchers.
Second, at present, most studies have used relatively high concentrations of MPs to observe their effects on earthworms under simulated experimental conditions. To better reflect natural soil conditions, representative plots should be selected for in situ tests in the field; alternatively, indoor tests with the representative MPs concentrations could be established. The influence of different types of earthworms on soil properties should also be considered. Most experiments to date have used E. fetida, an epigeic earthworm feeds on residues at the soil surface and does not generally enter the soil to feed. It also remains unclear whether this species feeds on MPs under natural conditions. In comparison, anecic earthworms dig vertical channels from the deep soil to the surface, mixing organic residues with soil in the gut and excreting them at the soil surface. This may affect the migration of MPs within the soil profile and towards waterbodies. Moreover, endogeic earthworms, which inhabit feed on soil organic matter within the soil interior, remain vastly understudied in this context.
Third, it is necessary to further consider the effects of the differences in MPs exposure time and scenarios. Although the exposure times of simulated experiments are often short, generally less than 2 months, MPs can have longer-term effects on earthworms, owing to their slow degradation rate in the environment. This necessitates long-term exposure experiments. In addition, different exposure scenarios (i.e., ingestion of MPs and other adsorbed contaminants) need to be further considered.
Fourth, earthworms are affected by the combined toxicity of MPs and other pollutants. For example, during the production and processing of plastics, numerous plasticizers are added, which can be easily released into the environment and have toxic effects on earthworms. In addition, MPs can adsorb heavy metals and organic pollutants from the environment, which can alter their accumulation and bio-effectiveness in earthworms. This co-toxicity adds complexity, as the ability of MPs to adsorb other contaminants is influenced by external conditions, which has yet to be fully understood.
Lastly, most studies have focused at the individual level (i.e., individual growth rate, mortality, biomass, and reproduction rate). In the future, we suggest that more attention should be paid to the toxic effects of MPs on earthworms at the cellular/molecular scale using genomics and metabolomics techniques.
6 CONCLUSION
The continuous accumulation of MPs, an emerging pollutant, in the environment has attracted extensive attention from researchers worldwide. In this bibliometric study, we identified polyethylene and polystyrene as the two most widely studied plastics in the context of earthworm toxicity. These and other MPs exhibit toxic effects through various mechanisms, thus increasing earthworm mortality associated with histopathological damage and oxidative stress. Furthermore, MPs show co-toxicity in earthworms via the adsorption–desorption of heavy metals and organic pollutants, which can increase pollutant accumulation and bio-effectiveness. Notably, when the concentration of MPs in soil exceeds 0.1% w/w, not only are the growth and reproduction of earthworms affected, but also tissue damage and oxidative stress can occur in association with nerve and DNA damage.
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