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Microplastic pollution is a topic of increasing concern, especially since this issue was first addressed in soils. Results have so far been variable in terms of effects, suggesting that there is substantial context-dependency in microplastic effects in soil. To better define conditions that may affect microplastic-related impacts, we here examined effects as a function of microplastic shape and polymer type, and we tested if effects on soil properties and soil microbial activities change with incubation time. In our laboratory study, we evaluated twelve different secondary microplastics representing four microplastic shapes: fibers, films, foams and fragments; and eight polymer types: polyamide (PA), polycarbonate (PC), polyethylene (PE), polyester (PES), polyethylene terephthalate (PET), polypropylene (PP), polystyrene (PS), and polyurethane (PU). We mixed the microplastics with a sandy soil (0.4% w/w) and incubated at 25°C for 31 days. Then, we collected soil samples on the 3rd, 11th, and 31st day, and measured soil pH, respiration and four enzyme activities (soil enzymatic activities). Our results showed that microplastics could affect soil pH, respiration and enzymatic activities depending on microplastic shape and polymer type, effects that were altered with incubation time. Soil pH increased with foams and fragments and overall decreased in the first days of incubation and then increased. Soil respiration increased with PE foams and was affected by the incubation time, declining over time. Overall, acid phosphatase activity was not affected by shape or polymer type. β-D-glucosidase activity decreased with foams, cellobiosidase activity decreased with fibers, films and foams while N-acetyl-β-glucosaminidase activities decreased with fibers and fragments. Enzymatic activities fluctuated during the incubation time, except N-acetyl-β-glucosaminidase, which showed a declining trend with incubation time. Enzymatic activities were negatively correlated with soil pH and this relationship was less strong when microplastics were added to the soil. Our study adds to the evidence that research should embrace the complexity and diversity of microplastics, highlighting the role of microplastic shape and polymer type in influencing effects; additionally, we show that incubation time is also a parameter to consider, as effects are dynamic even in the short term.
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INTRODUCTION
Large amounts of plastics have been produced worldwide due to the widespread use of these materials in our daily life (Geyer et al., 2017), to the point that plastic is now becoming an important threat to terrestrial systems (Rillig 2012; Bläsing and Amelung 2018). Microplastics, plastic particles smaller than 5 mm, and their effects on soil systems, have received increasing attention in recent years (Rillig 2012; Mai et al., 2018). They can pollute terrestrial systems through a variety of pathways, including soil amendments, mulching, sludge, irrigation, flooding, atmospheric input and littering or street runoff (Rillig et al., 2017; Mai et al., 2018; Boots et al., 2019).
As a result of their manufacturing origin and environmental degradation, microplastics may occur in many shapes and a variety of physical and chemical properties (Helmberger et al., 2020; Rillig and Lehmann, 2020). The accumulation of microplastics in soil may impact soil characteristics (Liu et al., 2017; Yi et al., 2020), depending on microplastic properties (Lozano et al., 2021a). Indeed, microplastic shape may determine how microplastics interact with soil particles (de Souza Machado et al., 2018; Rillig et al., 2019a; Lehmann et al., 2020; Rillig and Lehmann 2020). For instance, fibers due to their linear shape, may destabilize soil structure once they are incorporated into soil aggregates (de Souza Machado et al., 2018).
In addition, the chemical properties of microplastics, such as molecular chain arrangement and functional group, could impact their capacity of absorption to other chemicals like heavy metals or antibiotics (Fred-Ahmadu et al., 2020), with potential consequences on soil properties and microbial activities (Pathan et al., 2020). For example, polyethylene (PE) had high sorption capacity for phenanthrene (Wang and Wang 2018), which along with its nitrogen heterocyclic analogues could inhibit microbial activities in soil (Anyanwu and Semple 2016). Likewise, studies have shown that different polymer types (e.g., PE, PP and PVC) may have different sorption capacities for certain chemicals (Teuten et al., 2009; Brennecke et al., 2016; Wang et al., 2018). For example, PE had greater sorption capacity for hydrophobic organic compounds such as pesticide and solvents (Teuten et al., 2009; Fred-Ahmadu et al., 2020), while PS had larger sorption capacity for Polycyclic Aromatic Hydrocarbons than PET, PVC, PE or PP (Rochman et al., 2013). In the same way, PVC could absorb more Cu than PS (Brennecke et al., 2016). Therefore, the effects of microplastics on soil enzymatic activities may be also influenced by their polymer type.
Among soil properties, little is known about microplastics effects on soil pH, a key soil parameter that could impact a range of microbial processes (Higashida and Takao, 1986). Some research has been done regarding the effects of PE on soil pH. For instance, low density polyethylene (LDPE) films may increase soil pH (Qi et al., 2020); while high density polyethylene (HDPE), may have the opposite pattern (Boots et al., 2019), however, a study by Wang et al. (2020) suggested that HDPE may also cause an increase in soil pH. Yet, how other types of microplastics (shapes or polymers) present in terrestrial systems (Bläsing and Amelung, 2018; Piehl et al., 2018; Rillig et al., 2019b) may affect this soil property is currently unknown.
In addition, our knowledge of microplastic effects on soil respiration is still rudimentary. Soil respiration, an indicator of the total soil microbial activity (Rousk et al., 2009), is very sensitive to environmental factors, such as soil texture, porosity, moisture, and pH (Luo and Zhou, 2006), soil properties that can be potentially altered by microplastics addition (Rillig et al., 2019b; de Souza Machado et al., 2019; Lozano et al., 2021a). Indeed, recent research has observed that microplastics could alter the soil microbial community (Huang et al., 2019; Fei et al., 2020), suggesting potential effects on soil respiration (Lozano et al., 2021a; Lozano et al., 2021b).
Microplastics could alter soil microbial communities (Fei et al., 2020; Wiedner et al., 2020; Yi et al., 2020), affecting enzymatic activities (Hargreaves and Hofmockel, 2014). Indeed, recent research has showed that microplastics could affect nutrient and/or substrate availability (Yu et al., 2020; Zhou et al., 2020; Lozano et al., 2021b), likely due to microplastic absorption or its competition for physicochemical niches with microorganisms (Yu et al., 2020). Microplastic shape and polymer type may also play a role. For instance, PE and polyvinyl chloride (PVC) microplastics could enhance enzymes such as urease and acid phosphatase (Huang et al., 2019; Fei et al., 2020) while PP, PES and PVC could inhibit or enhance soil fluorescein diacetate hydrolase activity, respectively (Liu et al., 2017; de Souza Machado et al., 2019; Liang et al., 2019; Fei et al., 2020), depending on the polymer type. Likewise, enzymes such as β-D-glucosidase and cellobiosidase (involved in cellulose degradation), N-acetyl-β-glucosaminidase (involved in chitin degradation), and phosphatase which are related to C, N, P-cycling, could be negatively affected by microplastics (Lozano et al., 2021b; Liang et al., 2021).
Depending on the shape, polymer type and exposure time, microplastics can have different effects on soil properties, adding to the strong context dependency of microplastic effects as reported in the literature. To systematically test this, we established a lab experiment that included four microplastic shapes (fibers, films, foams and fragments), each of them made of three different polymer types, in order to determine the effects of microplastics on soil pH and microbial activity. We hypothesized that soil pH, respiration and enzymatic activities may be affected by microplastic addition as a function of microplastic shape and polymer type; in addition, we examined effects of exposure time during our short-term laboratory incubation.
MATERIALS AND METHODS
Test soil. We selected a loamy sandy soil from a dry grassland community located in Dedelow, Brandenburg, Germany (53° 37′ N, 13° 77′ W). Dry soil was sieved through a 2-mm mesh sieve, homogenized and mixed with microplastics. The detailed properties of test soil are shown in Table 1.
TABLE 1 | Physical and chemical properties of test soil.
[image: Table 1]Microplastics. Primary microplastics are produced on purpose and used in cosmetic products and various industries, while secondary microplastics are obtained from degradation of larger plastics (Wang et al., 2018). We selected twelve different secondary microplastics, representing four microplastic shapes: fibers, films, foams and fragments and eight polymer types: polyamide (PA), polycarbonate (PC), PE, polyester (PES), polyethylene terephthalate (PET), polypropylene (PP), polystyrene (PS), and polyurethane (PU). See additional details on the plastics in Table 2. We manually cut the fibers and films with scissors. The length for fibers was 1.26 ± 0.03 mm, and the size of films was 1.55 ± 0.03 mm × 2.26 ± 0.04 mm. Plastic fragments and foams were cut into small pieces using a Philips HR3655/00 Standmixer (1,400 Watt, ProBlend 6 3D Technologie, Netherlands), and then sieved through a 4-mm mesh sieve. The sizes for the fragments were 1.28 ± 0.05 mm × 1.72 ± 0.07 mm, while for the foams were 1.28 ± 0.04 mm × 1.76 ± 0.06 mm. To minimize microbial contamination, microplastics were exposed in an oven at 101°C for 24 h, as previous assays using different temperatures, showed that at this temperature, microplastics did not present any type of distortion. Then, a sample of each microplastic was placed on PDA plates (PDA X931.2, Roth, Germany), which were incubated at 25°C for 1 week. No microbial colonies were observed.
TABLE 2 | List of plastic products used in the experiment.
[image: Table 2]Microplastic addition to soil. The soil was mixed with each of the microplastic types at a concentration of 0.4% (w/w), as this simulates higher levels of microplastic pollution (Scheurer and Bigalke, 2018; Xue et al., 2020; Zhu et al., 2019a), since we should be more concerned about the future than the current levels of microplastic contamination, just like is the case of other factors of global change. Therefore, 80 mg of each microplastic type were mixed into 20 g of soil by stirring with a metal spoon for 3 min in a large container before transferring the mixture into a 50-ml polypropylene centrifuge tube (Corning 431,720, Corning Incorporated), the caps of which had four vents to provide gas exchange. We had 12 microplastic types (4 shapes × 3 polymer types) × 9 replicates = 108 tubes. Fifteen additional tubes were included as a control without microplastics. Soil was stirred in the same way that in the control samples, to provide the same disturbance. All tubes were randomly distributed in the incubator chamber.
Throughout the incubation period, in order to maintain soil moisture at ∼70% water holding capacity, every four days we pipetted distilled water into the tubes according to their weight loss due to evaporation. Tubes were kept at 25°C throughout the experiment. Soil samples were randomly collected on the 3rd, 11th and 31st day. To avoid disturbance which could be a confounding factor, 1/3 of the samples were collected (three replicates for each microplastic treatment and five replicates for control), destructively harvested and analyzed for every harvest time (on the 3rd, 11th and 31st day). At harvest, soil respiration was measured, and then samples were collected and kept at 4 °C prior to measuring enzymatic activities and soil pH.
Measurements
Soil pH. Soil pH was measured following the procedure described by Hendershot and Lalande (2007). That is, air-dried soil samples were mixed with distilled water at the ratio of 1:2 (w: v), i.e., 10 g soil: 20 ml water. The tubes were shaken for 30 min and the suspensions were allowed to settle for 1 h. Then, 20 ml of each suspension was pipetted into a 50-ml tube (Sarstedt AG & Co. KG, Nümbrecht, Germany, item number 62.548.004) and centrifuged at 3,000 rpm for 5 min. The supernatants were filtered, and the pH was determined with a pH-meter 766 (Knick, Germany).
Enzyme activities. Acid phosphatase (EC3.1.3.2), β-D-glucosidase (EC3.2.1.21), cellobiosidase (EC3.2.1.91) and N-acetyl-β-glucosaminidase (EC3.2.1.52) were measured from 5 g of soil by using high throughput microplates assays following the methods described by Jackson et al. (2013). Briefly, 5 g soil was mixed with 10 ml 50 mM acetate buffer (pH 5.0–5.4) in a 50-ml falcon tube. Then, 150 ul of soil slurry was pipetted into each of six wells (six wells per sample) on a 96-deep well plate after vortexing. Then, 150 ul acetate buffer was added into the last two wells of each sample (sample buffer control), and 150 ul substrate solutions (5 mM 4-p-nitrophenyl-phosphate disodium salt hexahydrate, 5 mM 4-p-nitrophenyl-β-glucopyranoside, 2 mM 4-p-nitrophenyl-β-D-cellobioside and 2 mM 4-p-nitrophenyl-β-N-acetylglucosaminide, Sigma, Germany, item no.: N71768, N7006, N5759, and N9376) to the first four wells. Then, the plates were incubated at 25°C in dark for 2 h (for acid phosphatase and β-D-glucosidase) or 4 h (for cellobiosidase and N-acetyl-β-glucosaminidase). After the incubation, plates were centrifuged at 3,000 rpm for 5 min, and then 100 ul supernatant from each well was transferred into new microplates containing 10 ul 1M NaOH and 190 ul distilled water in each well. Finally, the absorbance at 410 nm was recorded by a microplate reader (Benchmark Plus Microplate Spectrophotometer System, BioRad Laboratories, Hercules, CA, United States).
Soil respiration. Soil respiration was measured on undisturbed soil samples. That is, each time soil respiration was measured before sample collection for enzymes and pH measurements. Therefore, on the 3rd day, soil respiration was measured on all replicates tubes; on the 11th day, it was measured on the six microplastic and ten control replicates remaining; and on the 31st day, it was measured on the three microplastic and five control replicates left. The CO2 concentration (ppm) was used to indicate the soil respiration. To control gas exchange, we used modified tube caps that had a rubber septum (VWR, Germany, item no. 548-3369) to provide a seal. Then, we flushed the tubes with CO2-free air for 3 min to normalize the experimental units and kept the tubes in the incubator at 25°C for 3 h under dark conditions. After the 3-h incubation, we took a 1-ml air sample from each tube and injected it into the infrared gas analyzer (LiCOR- 6400XT).
Statistical Analyses
The effects of microplastic shape, polymer type and exposure time on soil pH, respiration and enzymatic activities were analyzed using linear models and multiple comparisons. First, the residuals of linear models were checked to validate assumptions of normality and homogeneity. When necessary, we implemented the functions “varIdent” from the “vegan” R package to account for heterogeneity in variances. Then, we implemented the function “glht” and “Dunnet” test from the “multcomp” R package, to compare each microplastics treatment with the control (without microplastics). Respiration and enzymatic activities were log-transformed and correlated with soil pH by using the Pearson method. Plots were generated with the “ggplot2” R package (Wickham, 2016). Results shown throughout the text and figures are mean values ±1 SE. All analyses were conducted using R software version 3.6.3 (R Core Team, 2020).
RESULTS
Soil pH. Soil pH was affected by microplastic shapes, polymer types, and incubation time (Table 3–5, Figure 1). Soil pH increased with foams and fragments and a slightly increase was observed with films (Table 4; Figure 1A). We found that pH was higher in the soil mixed with all the polymers used for foams and fragments than in control soils without microplastics (Table 4; Figure 1A). Regarding exposure time, overall, soil pH declined in the first 11 days and then increased (Table 5; Figure 1B). This pattern was observed for PA and PES fibers, all the films, PU foams, PC and PP fragments. However, pH of the soil treated with PE foams showed a contrary trend (Table 5; Figure 1B). Soil pH tended to increase over time with PS foams and PET fragments addition (Table 5; Figure 1B). Overall, pH was higher in soil mixed with foams and fragments polymers for each time of measurement, than in soils without microplastics (Table 5; Figure 1B).
TABLE 3 | Microplastic type and exposure time (time) effects on soil pH, respiration, and enzymatic activities.
[image: Table 3]TABLE 4 | Microplastic shape and polymer type effects on soil pH, respiration, and enzymatic activities.
[image: Table 4]TABLE 5 | Microplastic exposure time effects on soil pH, respiration, and enzymatic activities.
[image: Table 5][image: Figure 1]FIGURE 1 | Microplastics effects on soil pH. Effects of shape, polymer type (A) and incubation time (B) on soil pH. Mean and standard error are shown. n = 5 (control); n = 3 (microplastic treatments). Significance *p ≤ 0.1, **p ≤ 0.05 compares each microplastic with its respective control treatment for each time of measurement.
Soil Respiration. Soil respiration was not affected by microplastic shapes, although it slightly increased with foams (Table 3–5; Figure 2). Only PE foams increased soil respiration within all the polymer types (Table 4 and 5; Figure 2). Overall, soil respiration declined over time, being more evident in soils with than without microplastics (Table 5; Figure 2B). Soil respiration was lower in soil mixed with each of all the microplastic types at the last measurement time (day 31st), than in soils without microplastics (Table 5; Figure 2B).
[image: Figure 2]FIGURE 2 | Microplastics effects on soil respiration. Effects of shape, polymer type (A) and incubation time (B) on soil respiration. Mean and standard error are shown (n = 15 for control; n = 9 for microplastic treatments, day 3); n = 10 (control, day 11); n = 6 (microplastic treatments, day 11); n = 5 (control, day 31); n = 3 (microplastic treatments, day 31). Soil respiration measured as CO2 unit (ppm). Significance *p ≤ 0.1, **p ≤ 0.05 compares each microplastic with its respective control treatment for each time of measurement.
Enzymatic Activities
Acid phosphatase activity. Overall, acid phosphatase activity was not affected by microplastic shape although it tended to be higher with fibers, films and foams than in control samples without microplastics (Table 3–5; Figure 3). We observed that this enzyme increased with PA fibers and PE foams (Table 4; Figure 3A). Overall, acid phosphatase activity tended to decline during the first 11 days and then increased (Table 5; Figure 3B). This pattern was evident for PA and PP fibers, PP films, PE foams and PET fragments. Over time, acid phosphatase activity tended to decline with PES fibers, PS and PU foams, while tended to increase with PET films and PP fragments (Table 5; Figure 3B). Likewise, acid phosphatase activity was negatively correlated with soil pH when microplastics in the soil were absent (R = −0.55, p = 0.034) or present (R = −0.47, p < 0.01, Figure 4).
[image: Figure 3]FIGURE 3 | Microplastics effects on acid phosphatase. Effects of shape, polymer type (A) and incubation time (B) on acid phosphatase. Mean and standard error are shown. n = 5 (control); n = 3 (microplastic treatments). Unit: μmol mg−1 h−1. Significance *p ≤ 0.1, **p ≤ 0.05 compares each microplastic with its respective control treatment for each time of measurement.
[image: Figure 4]FIGURE 4 | The negative correlation between microplastic effects on soil pH and microbial activities. The data for enzymatic activities were log-transformed to generate the figures. Negative correlation between soil pH and microbial activities for the control (A–E), and the microplastic treatment (F–J).
β-D-glucosidase activity. β-D-glucosidase activity decreased with foams although it also tended to decrease in the presence of the other microplastic shapes (Table 3–5; Figure 5). Specifically, β-D-glucosidase activity decreased with PS foams (Table 4; Figure 5A). Over time, β-D-glucosidase activity declined with PA fibers, PE and PET films, and PS foams, while tended to increase with PP fragments. Overall, β-D-glucosidase activity was lower in soil mixed with foams, films and fragments polymers for the first time of measurement (PE and PP films, PS foams and all fragments) than in soils without microplastics, while it was higher in soil with PE foams than control for the last time of measurement (Table 5; Figure 5B). This enzymatic activity was negatively correlated with soil pH without or with microplastics in the soil (R = −0.52, p = 0.047, R = −0.34, p < 0.01, respectively, Figure 4).
[image: Figure 5]FIGURE 5 | Microplastics effects on β-D-glucosidase. Effects of shape, polymer type (A) and incubation time (B) on β-D-glucosidase. Mean and standard error are shown. n = 5 (control); n = 3 (microplastic treatments). Unit: μmol mg−1 h−1. Significance *p ≤ 0.1, **p ≤ 0.05 compares each microplastic with its respective control treatment for each time of measurement.
Cellobiosidase activity. Cellobiosidase activity was reduced by all microplastic shapes except fragments, whose effects were similar to control (Table 3–5; Figure 6). In particular, cellobiosidase activity decreased with PET films and PU foams (Table 4; Figure 6A). Over time, this enzyme tended to decline with PA and PP fibers, while showing a contrary trend with PET, PP films and PE foams. Overall, cellobiosidase activity was lower in soils mixed with microplastics of different polymer type (for the first time of measurement) than in soils without microplastics, while promoted by PE films and foams, and fragment polymers for the last time of measurement (Table 5; Figure 6B). Cellobiosidase activity was not correlated with soil pH when microplastics in the soil were absent (R = −0.3, p = 0.28) or present (R = −0.08, p = 0.4, Figure 4).
[image: Figure 6]FIGURE 6 | Microplastics effects on cellobiosidase. Effects of shape, polymer type (A) and incubation time (B) on cellobiosidase. Mean and standard error are shown. n = 5 (control); n = 3 (microplastic treatments). Unit: μmol mg−1 h−1. Significance *p ≤ 0.1, **p ≤ 0.05 compares each microplastic with its respective control treatment for each time of measurement.
N-acetyl-β-glucosaminidase activity. N-β-glucosaminidase activity was lower in the presence of microplastic fibers and fragments compared to the control and was neutrally or slight negatively affected by all the polymers (Table 3–5; Figure 7). N-acetyl-β-glucosaminidase activity steadily decreased with films, foams and fragments over time (Table 5; Figure 7B). Overall, this enzyme activity was lower in soils mixed with microplastics of different polymer type for the first time of measurement, than in soils without microplastics (Table 5; Figure 7B). Likewise, N-acetyl-β-glucosaminidase activity was not correlated with soil pH when microplastics in the soil were absent (R = −0.32, p = 0.24) but it was negatively correlated when the microplastics were present (R = −0.27, p = <0.01, Figure 4).
[image: Figure 7]FIGURE 7 | Microplastics effects on N-acetyl-β-glucosaminidase. Effects of shape, polymer type (A) and incubation time (B) on N-acetyl-β-glucosaminidase. Mean and standard error are shown. n = 5 (control); n = 3 (microplastic treatments). Unit: μmol mg−1 h−1. Significance *p ≤ 0.1, **p ≤ 0.05 compares each microplastic with its respective control treatment for each time of measurement.
DISCUSSION
Our results showed that microplastic effects on soil pH, respiration, and enzymatic activities depended on microplastic shape, polymer type, and the effects changed with incubation time.
Microplastics Increased Soil pH
Our results indicated that microplastic foams and fragments increased soil pH, which can be due to the increase in soil aeration and porosity when these microplastics were added into the soil (de Souza Machado et al., 2019; Lozano et al., 2021a). This along with the leaching of microplastic chemical compounds into the soil (Kim et al., 2020; Waldman and Rillig 2020), may alter soil biota with consequences for soil pH. Likewise, although slightly, microplastic films increased soil pH. In this regard, it has observed that PE films may alter the diversity of nitrogen fixation bacteria taxa in the soil (Fei et al., 2020), which would alter the contents of soil NH4+, increasing soil pH, as the conversion of organic N to NH4+ would consume H+ (Butterly et al., 2010; You et al., 2015). Notably, PE foams increased soil pH more than PE films, this may be due to the shape or additives differences. Our results showed that soil pH increased with PE polymers, which agrees with previous research on that topic (Qi et al., 2020; Wang et al., 2020). However, recent research indicates that soil type may also play a role (Boots et al., 2019; Yu et al., 2020); for example, depending on the soil organic matter content acid buffering and retention of major cations may change (Jiang et al., 2018). In addition to the soil type, the presence of plant species in the system may also influence microplastics effects on soil pH (Lozano et al., 2021b), as plants could potentially mitigate the effects of microplastics on soil pH in comparison to a bare soil. Finally, we found a negative correlation between soil pH and enzymatic activities.
Microplastics Affect Soil Respiration After Long Incubation Time
Our results also showed that soil respiration decreased over time for all microplastic treatments and the control, a situation that can be linked to the reduction of labile substrates (Chen and Wu 2019). However, we observed that after longer incubation time (i.e., 31 days), the decrease in respiration was more pronounced in soils with microplastics than without. This sharp decrease would be linked to the potential harmful effects of microplastics leachates on soil biota (Kim et al., 2020), a situation that was only evident after several days of soil subjected to microplastics. Added to this, our results showed that soil respiration was higher with PE foams than with the control (without microplastics). This positive effect may be due to their loose spongy structure that may increase soil aeration (Lehmann et al., 2020). This may could be the reason that PE foams caused higher respiration that PE films. Films and fragments had neutral effects on soil respiration, while positive effects have been observed on this property when a plant species was included in the system (Lozano et al., 2021a). The latter as the presence of roots in the soil matrix contributes to soil aggregation and facilitates water uptake and its redistribution through the soil profile, which in the end promote soil microbial activity (Lozano et al., 2021a).
Microplastics Have Negative Effects on Most Enzymatic Activities
Microplastics in the soil, inhibited most of the enzymatic activities. That is, β-D-glucosidase, cellobiosidase and N-acetyl-β-glucosaminidase activities.
Fibers negatively affected cellobiosidase and N-acetyl-β-glucosaminidase activities which can be linked to the negative effects that fibers may have on soil aggregation as they may prevent macroaggregates formation (Zhang and Liu 2018) and/or introduce fracture points into aggregates, affecting aggregate stability. As soil aggregation is positively correlated with soil microbial activity (Bronick and Lal, 2005), the negative effects of microplastics on soil aggregation may have consequences for soil microbial activity. Reduction in oxygen diffusion within the soil pores and the effects on water flows (Six et al., 2004) may explain the decrease in enzymatic activities. Likewise, changes in physicochemical niches, which provide space for growth and activity of soil microorganisms (Yu et al., 2020), would be altered with the presence of microplastics. In addition, N-acetyl-β-glucosaminidase activity could be reduced as macro-aggregates (>2 mm) where this enzyme is highly active (Wang et al., 2015), were affected in their formation due to the presence of microfibers (Lehmann et al., 2020). On the other hand, foams decreased β-D-glucosidase, cellobiosidase and N-acetyl-β-glucosaminidase activities, which can be linked with the sorption capacities of microplastics. Microplastics can carry toxic chemicals serving as vectors of transport for different pollutants (Wang et al., 2018) and in addition, different hazardous chemicals are voluntarily added during their production such as additives to increase polymer properties and prolong their life (Lithner et al., 2011). All these substances can be released into the soil matrix with negative effects on soil biota (Kim et al., 2020) and potentially on soil enzymatic activities.
Likewise, films caused lower activities of cellobiosidase and N-acetyl-β-glucosaminidase, which may be influenced by their negative effects on soil water evaporation (Wan et al., 2019), a soil condition that negatively affects soil microbial activity (Six et al., 2004). Films might also increase N-cycling microorganisms, and thus N-fixation (Fei et al., 2020), which could decrease N-acetyl-β-glucosaminidase activity as observed early in the incubation time (day 3) for PE and PET films. Similar to Yu et al. (2020), microplastic films had negative effects on β-D-glucosidase, however this was only evident at early stages of incubation (day 3).
Our results also showed that microplastics in the soil can stimulate enzymatic activity. Specifically, we observed that after some time of incubation, microplastic foams (e.g., PE) increased cellobiosidase, β-D-glucosidase (31 days) and N-acetyl-β-glucosaminidase (11 days) activities. This can be linked to the loose spongy structures of this plastic, which may increase soil pore space and thus water and air flows, promoting soil microbial activity. Indeed, PE foam was the microplastic that promoted the most soil respiration.
We observed that three enzymes (acid phosphatase, β-D-glucosidase and cellobiosidase) showed fluctuation trends during the incubation time. As recently observed, microplastics may have toxicity effects on soil biota after 24 h, although at higher concentration (1%) (Kim et al., 2020), which would have negative effects on microbial activity, thus causing reductions of the enzyme activities during the first days of exposure. Later, the microbiota may have adjusted to the new environmental conditions (Yi et al., 2020), and/or some of the toxic additives may have been inactivated or degraded, causing a rebound of enzyme activities. In that sense, previous studies indicated that microplastic effects on enzymatic activities might differ with incubation time i.e., 30 vs. 150 days (Liu et al., 2017; Yu et al., 2020).
Finally, we found that negative correlation between enzymatic activity and soil pH, which is consistent with previous studies (Adetunji et al., 2017; Ullah et al., 2019). However, this relationship was weakened in the presence of microplastics, as the increase in soil pH may promote the abundance, diversity, biomass and activity of certain bacterial groups (Rousk et al., 2009; Zhalnina et al., 2015), as observed for members of Acidobacteria, Nitrospira or Proteobacteria phyla (Rousk et al., 2010). In this way, microplastic may have weakened the negative correlation between soil pH and enzymatic activities.
CONCLUSION
Our study contributes to a better understanding of the effects that microplastics have on soil microbial activities, which can be linked among others, to the changes in soil pH. Likewise, our results suggest that microplastics can affect soil enzymes with potential consequences on C, N and P cycles. We found that in addition to including shape and polymer type as microplastics properties that affect soil systems (Lehmann et al., 2020; Rillig and Lehmann 2020; Wiedner and Polifka 2020; Lozano et al., 2021b), the exposure time of soil to the microplastics is another experimental parameter to consider, especially when studies report diverging effects. As the presence of plants, the type of soil and its content of organic matter (Lozano et al., 2021b; Liang et al., 2021) would influence the effects of microplastics on soil pH, respiration, and enzymatic activities, future specific research on this area is needed.
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