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Abstract - Microplastics (MPs) are pertinacious contaminants which are threatening the delicate balance of the ecosystem. Over the
years, various studies have reported the presence of MPs in the marine environment through case studies and reviews, but its presence in
the agricultural soils is not fully understood. To date, there exists no standardized methodology for sampling, extraction and
characterization of MPs in the agricultural soils. This review aims at encapsulating the different techniques used for sampling and
extraction of MPs, and includes the methods employed for identification and quantification of MPs in the soil environment. Flotation
method, pressurized fluid extraction and elutriation are some of the different techniques used for MPs extraction that usually influence
the characterization step. Visual identification through microscope and scanning electron microscope and chemical identification via
Fourier-transform infrared (FITR) and Raman spectrometry, are the main techniques that are used for the identification of MPs. The fate
and dispersion of MPs in the agricultural soil are discussed, as well as their interaction with the soil biota. The main findings of this
review show that further research is needed on the sampling methods as well as analytical techniques so as to contribute to standardizing
MPs characterization in the soil environment, potential toxicity effects along the food chain, and global policies for sustainable
development.
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1. Introduction

Being an indispensable material with a wide range of applications in industrial, domestic and agricultural sectors, plastics
are currently posing serious threats to public health and to the environment due to inefficient management of plastic wastes.
Since the plastic boom in the 1960s, its demand reached 335 million tonnes in 2016 with an annual increasing rate of 4 %
[1]. Plastics have various benefits like durability, strength, malleability, low cost and light-weight [2]. However, they persist
in the environment over a long period of time due to their very low degradation rate [3, 4]. Plastic wastes represent about 16
% of the global municipal solid wastes (MSW) produced and it is estimated that about 10 % of the total plastic ever produced
have been released in the marine environment [5]. Plastic wastes enter the oceans through various routes - dumping, wind,
rivers and urban water courses - and travel around the world through winds, tides and currents forming gyres [6]. Small
pieces of plastic particles were first found floating on the surface of the Sargasso Sea in 1972 [7]. It was not until 2004 that
Thompson et al. [8] categorised these plastic particles in terms of their sizes — microplastics (MPs). Any pieces of plastic
particles having a particle size less than 5 mm along its longest dimension are termed as MPs [9]. MPs can be classified into
primary and secondary MPs. The primary MPs are plastic particles that have been manufactured intentionally in micro-scale,
commonly known as microbeads, and are used in cosmetic and cleaning products, synthetic clothing, toothpaste, and in
industrial abrasives [10, 11]. On the other hand, secondary MPs are a result of the degradation and fragmentation of larger
plastics (macroplastics and mesoplastics) due to weathering [3].

MPs have recently become a global concern as they are pertinacious contaminants in the environment and detrimental
to the ecosystems [12, 13]. Several studies have amply stressed on the presence of MPs in the ocean [14]-[17], freshwater
[18]-[21], drains [22] and sediments [23]-[26], but limited studies have been conducted in the terrestrial environment [27].
It is estimated that the terrestrial environment is subjected to 4 to 23 times more plastics than the marine environment [3].
Agricultural soil is considered as the preliminary sink of MPs [28] where its presence might be due to the degradation and
fragmentation of poorly disposed plastic wastes and plastic films that are used for mulching, road dusts, soil sedimentation,
irrigation with treated wastewater, polluted lake water and application of composted sewage sludge [29]-[31]. Plastics are
often intentionally left on agricultural lands as it is difficult and time-consuming to remove the thinner plastic film mulching
after crop cycle; these films eventually degrade further in MPs [33]. Unfortunately, the detectability and quantification of
MPs in the soil environment is challenging and only few studies have reported its occurrence and effects on soil biota [34]-
[37]. Recent reviews have discussed on the behaviour of MPs in the soil [38], toxicological effects, analytical methods [39,
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40] and dispersion in soil [41]. Current research on MPs in the agricultural soils is still at its infancy with various
knowledge gaps. Therefore, this paper reviews the current literature on MPs pollution in soil focusing on the analytical
methods and effects of MPs on soil biota. The different sampling and extraction techniques, as well as identification and
quantification methods that are currently being employed, have been considered. The effects of MPs in the soil
ecosystems have also been discussed. Research gaps regarding the analytical methods have been discussed and some
perspective for future studies have been proposed.

2. Sampling Techniques

Sampling is the first most important step to be carried out for the identification of MPs in any medium [42]. Rillig
[43] highlighted that there is a lack of studies on MPs in the soil environment and it has also been found that there are
no standardised sampling methodologies and thus, various researchers have come up with different sampling methods
for the identification and quantification of MPs in the soil environment [27, 44, 45]. The sampling strategy together with
the mass of samples collected govern the amount of MPs extracted [28]. Studies have reported sample collection of mass
between 30 g and 3 kg and volume between 68 ml and 500 ml from sampling sites [46]-[50]. Nonetheless, given the
high heterogeneity of MPs in the soil environment, a single grab sampling may poorly represent the identification and
quantification of MPs. Hence, Han et al. [28] affirmed that composite sampling, i.e. taking several discrete samples on
the sampling site is more representative than grab sampling. Studies carried out by Zhang and Liu [29] and Lv et al. [37]
collected 6 sub-soil samples and three 6 L sub-soil samples from a plot of 30 m x 5 m and 667 m?, respectively. However,
this significant difference in the amount of sample collected might affect the reliability of the infra study of identification
and quantification of MPs. Thus, Han et al. [28] proposed 5 random subsamples for every 1 m? of land. For more reliable
sampling and results, it is recommended that the sample size should be determined statistically. Non-systematic sampling
can be employed for agricultural lands where samples are collected along the lines of patterns “X”, “Y” or “W”. Regular
grid sampling (systematic sampling) can also be used to determine the direct relationship between the concentration of
contamination and the sampling points. Hence, the number of samples collected per m? can be determined and will be
consistent for comparison and standardization. Likewise, the different sampling depths and dimensions need to be
considered for an accurate identification of MPs concentration at different soil depths. Shallow or surface layer and
deeper layer are often used to describe the different depths of soil sampling (Table 1). As listed in Table 1, the reported
depths for shallow and deep sampling differ between 2 cm and 25 cm, and 3 cm and 20 cm, respectively. Given the
heterogeneity of the soil, the movement of the MPs may vary within the soil, while the different depths of analysis make
the comparison challenging. It is also useful to know the previous activities that have been carried out on the sampling
sites so as to have better spatial and temporal analysis of the fields. For instance, the frequency of soil tilling, history of
sludge and plastic usage on the soil are useful when determining the sampling depth.

Table 1: The sampling methods that are used for different soil types with respect to depth and equipment.

Type of soil Depth (cm) Equipment References

Beach Shallow: 2 Stainless-steel shovel [51]

Floodplain Shallow: 5 Steel tools [34]

Loess Shallow: 0 - 10 - [35]
Deep: 10 - 20

- Shallow: 0 - 3 - [52]
Deep:3-6

Nitisol and Gleysol Shallow: 0 - 5 Narrow spade [29]
Deep: 5-10

Loam Shallow: 0 - 25 Metallic soil auger [53]

Farmland, yellow-brown, Shallow: 0 - 6 - [36]

paddy and floodplain

- - Shovel [28]

Sediment Shallow: 5 - [22]

Paddy Shallow: 0 — 10 Lenz sampler [37]
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- 0-10 Soil auger [50]
0-30

Floodplain 0-50 Pile driver [95]
50 - 150
150 - 200

- 0-10 Soil auger [97]
10 - 30

Note: “-” means Not Reported.

3. Separation Techniques

MPs having density ranging from 0.8 to 1.6 g/cm?, tend to bind to the soil particles, which are of higher density ranging
from 2.6 to 2.7 g/cm, and makes its extraction challenging [13, 45, 54]. Therefore, many studies have come up with various
procedures, such as sieving, stirring, ultrasonic treatment and aeration, so as to overcome this issue. Some studies have
reported sieving of soil samples through a cascade of sieves of different mesh sizes as the primary step for the MP extraction
[55]. For instance, Fuller and Gautam [56] and Scheurer and Bigalke [34] used a sieve size of 1 mm; Zubris and Richards
[57] and Corradini et al. [53], used a 2 mm mesh size, whereas Zhang and Liu [29] used a series of different sieve sizes of
10 mm, 2 mm, 0.25 mm and 0.05 mm, for the separation of MPs from the soil.

Density separation or flotation method is the most common and reliable extraction technique that is used for the
extraction of MPs [27]. This technique involves the separation of MPs from the soil using different density solution including
water, sodium chloride (NaCl), calcium chloride (CaCl,), zinc chloride (ZnCl,), sodium iodide (Nal) and sodium bromide
(NaBr) as shown in Table 2. Extraction using distilled water of density 1.00 g/cm® is the most simple and cost effective
method as it is harmless as well as readily available [58]. Zhang et al. [35] tested the recovery rate of PP and LDPE MPs
from sandy soils, loess soil, pure sand and clay soil using distilled water. The authors mixed soil samples with distilled water
manually and treated the mixture to ultrasonic vibration for 2 h, and was then left to settle overnight [35]. The results showed
a significant removal of PP and LDPE using distilled water ranged from 80 to 126 % and 86 to 112 %, respectively [35].
However, despite the various advantages, MPs cannot be removed due to their higher densities. NaCl with density of 1.20
g/cm® is commonly used for the extraction of MPs, as it is of low-cost, easily available and environment friendly [34].
Thompson et al. [8] reported that 61 % of PE was removed through the first extraction, 83 % through second extraction and
93 9% through third extraction using NaCl only. Liu ez al. [52] verified the flotation method using saturated NaCl and reported
a high recovery rate of 90 % for PP, PE, PA, PC and ABS and Polymethyl methacrylate MPs, as shown in Table 2. However,
NaCl is not appropriate for all types of plastics as polyethylene terephthalate (PET) and polyvinyl chloride (PVC) will sink
as a result of their higher densities [4]. CaCl, of density 1.42 g/cm® have shown relatively higher extraction of MPs from the
soil as shown in Table 2. However, the CaCl, solution leads to the agglomeration of the organic materials during the
separation process [34]. Though ZnCl, with density 1.55 g/cm® has a good extraction efficiency, it is expensive and not
environment friendly [4, 21]. Nal having higher density of 1.80 g/cm’ can extract more MPs from the soil compared with
the other previously mentioned floatation solution, unfortunately Nal solution is expensive [58]. NaBr of density 1.55 g/cm?
has surprisingly showed an extraction efficiency up to 100 % as shown in Table 2.

The extraction analytical time has been reported to take more than 12 hours [27, 59], as shown in Table 2. In order to
reduce the analytical time, Scheurer and Bigalke [34] highlighted that the centrifugation method decreased the separation
process time compared to flotation method only. The flotation method together with centrifugation were also adopted by Liu
et al. [60, 36] for sludge samples while Zhang and Liu [29] and Corradini et al. [53] for the extraction of MPs from soil.
Moreover, as listed in Table 2, recent studies have shown a combination of different density solutions for the extraction of
MPs from soil. For instance, Corradini et al. [53] centrifuged soil samples with distilled water followed by ZnCl, for
maximum extraction of MPs of different densities. Van den Berg et al. [50] adopted a two-step floatation method where soil
samples were initially mixed with distilled for 2 h followed by centrifugation for 10 min at 3000 RPM. The supernatant
obtained were filtered while the pellets obtained at the bottom were mixed with Nal and followed the same procedure as
distilled water. Whereas, Han et al. [28] used NaCl-Nal solution mix at a volume ratio of 1:1, aerating for 40 s for the
extraction of MPs and reported an extraction efficiency of 90 %. Although density separation is widely practised, MPs below
10 um cannot be separated with this method [58], and the analytical time is still long.
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Moreover, Han et al. [28] highlighted that the mass of the samples and the floatation solution can influence the
extraction of MPs and adapted the air-induced overflow method which was proposed by Nuelle et al. [48]. Fuller and
Gautam [56] used Pressurized Fluid Extraction (PFE) technique for the separation of MPs (HDPE, PP, PVC, PS and
PET) from the soil. A 2-step extraction procedure was developed where the organic compounds were first removed
using methanol at 100°C followed by the second extraction where dichloromethane was used for the extraction of MPs
at 180°C and a pressure of 1500 PSI. The authors reported that PFE technique required only 15 minutes to separate the
MPs from the samples compared with flotation method only, which would take 2 hours for the separation [56]. This
technique has demonstrated the extraction of MP of size less than 30 um. Furthermore, elutriation is another emerging
technique for MP extraction [27]. Elutriation is the process where the different MP sizes and densities are separated by
passing a gas or liquid in the opposite direction of the sample [61]. For instance, Mahon et al. [62] used the elutriation
technique to remove MPs from sewage sludge and more than 90% of HDPE and 80% of PVC MPs were successfully
extracted using ZnCl; solution. Dikareva and Simon [22] adopted an amalgamation of elutriation technique and flotation
method where tap water and Nal solvent were used, respectively. Felsing et al. [63] effectively demonstrated separation
of MPs from different media- freshwater sediment and beach sand with a very high extraction of 99% using electrostatic
behavior. So far, electrostatic techniques has not yet been considered for MP separation from the soil environment.

Besides, there are risks of sample contamination through air-borne plastic particles that might be present in the
laboratory and that can also emanate from polyester laboratory coats. Therefore, it is imperative to observe good
laboratory housekeeping during analysis [64] so as to obtain reliable extraction results for the identification of MPs in
different media. Thus, extracted MPs were often covered using aluminum boxes or foils by studies conducted by the
following authors: Zhang et al. [35]; Zhang and Liu [29]; Corradini et al. [53]. In this review, it has been found that very
few researchers have conducted validation of extraction and ensured proper laboratory control. Most literature adopted
the flotation method with different or combination of floatation solution so as to improve the extraction method. The
mass of the sample, floatation solution, mixing time, replicates, settling time, as well as the digestion time influence the
rate of extraction. Hence, it is of utmost importance to optimize and standardize the extraction method so as to enhance
the comparability of data.

Table 2: Extraction technique and percentage extraction of microplastics in the soil environment.

Floatation Solution = Mixing time Settling time Digestion Percentage References
(min) (h) Extraction
(Y0)

Distilled water - 24 NC 90 [35]
NaCl and CaCl, 10 48 13% KCIO, 50% 96 [34]

NaOH, 96% H,SOs,

65%

HNO3, and 30% HzOz.
NaCl 30 24 30 % H»0; 90 [52]
Distilled water, NaCl 16 - - 80 [53]
and ZnCl,
Distilled water 5 B H,0., FeSOq, 72 [29]

NaOH, Nal
NaBr 5 2 H>O» 85-100 [36]
NaCl 30 24 H,0» No data [37]
Methanol, Hexane, NC NC NC - [56]
Dichloromethane
Tap water and NaCl- 0.67 0.08 35 % H»0, 90 [28]
Nal
NaCl 30 12 NC [59]
Distilled water 120 NC - - [50]
Nal

Note: “-” mean “Not Reported”; “NC” mean “Not Conducted”
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4. Digestion

After the flotation method, some organic matter (SOM) are still present in the extracted MPs samples. The presence of
of SOM pose a challenge for the chemical identification of MPs due to binding of soil particles with MPs and the auto-
fluorescence of soil particles can falsify the end result [54, 65]. Therefore, SOM removal is a necessity which can be
conducted through acid, alkali or oxidative digestions [4, 54]. HNOs;, HCL, H,SO4 are usually used for acid digestion.
However, acid digestion resulted in the dissolution and degradation of some polymers, such as, nylon, PS, PE and PET [13,
[13, 66, 67]. Scheurer and Bigalke [34] showed that HNO3s removed most SOM in a short time; but altered the morphology
morphology of some MPs like acrylonitrile butadiene styrene (ABS), polyamide (PA) and PET. NaOH and KOH are
common bases which are used in alkali digestion with high SOM removal potential [13] but the increasing molarity of the
bases may damage some polymers like PET and PVC [67]. Mintenig et al. [68] treated sewage sludge samples with NaOH
followed by HCI for neutralization before the flotation technique. Moreover, Cole et al. [14] reported effective digestion
through ultrasonication bath with 5 M NaOH digestive treatment. Hydrogen peroxide (H,O>) is the most efficient oxidizing
agent to remove SOM with minimal or no dissolution and degradation of the polymers [13]. Hurley et al. [69] reported that
H>0, removed up to 87 % and 108 % of organic matter at 70 °C in sludge and soil respectively without affecting the MPs.
As it can be seen, the methodology for the digestion of SOM is diverse which can make comparison of MPs inaccurate.

5. Characterisation of Microplastics
5.1. Visual Identification
The most appropriate and simplest method for MP identification is visual identification. This technique classifies MPs based
on their physical characteristics such as size (based on the longest dimension), shape (fiber, fragment, bead, foam and film)
and colour (using stereoscope microscope) [4]. The most common types of equipment used for visual identification include,
stereo, optical, polarized light, trinocular and binocular and FTIR microscopes, as well as scanning electron microscope
(SEM) [29, 34, 58, 56]. SEM also identifies MPs by providing a high topographical, morphological and compositional image
of MPs, as well as, the size of MPs [4]. Eriksen et al. [70] reported that 20% of particles initially identified as MPs (< 1 mm)
by visual identification were misclassified and these 20 % of particles were subsequently identified as aluminum silicate
through SEM analysis. However, SEM is relatively expensive and this technique requires a lot of time for sample preparation
and identification [4]. The colour of the MPs can be an indicator of the presence of heavy metal in the sample to be analysed.
For instance, Massos and Turner [71] reported the presence of cadmium and lead in red and yellow MPs, respectively that
were collected from beach sediment samples. Visual identification has undeniably become the primary step for MPs
identification as per literature. The colour, shape and the size of the MPs can only be classified using visual sorting. The
main constraints associated with visual identification involve misclassification of MPs with other non-plastic materials [13].
Prata et al. [13] also reported that black plastic fragments can be confounded with biological material leading to
overestimation or underestimation of white fragments. However, studies have also reported the urge for further analysis of
MPs identification using chemical identification techniques.
5.2. Chemical Identification

Vibrational techniques like Fourier transform infrared spectroscopy (FTIR), micro(p)-FTIR, attenuated total reflectance
(ATR)-FTIR, Raman spectrometry and micro(p)-Raman spectrometry are the main analytical techniques for MPs
characterization [72]. Vibrational spectrometry techniques are non-destructive and highly accurate [13] as the vibrational
fingerprint is unique for each polymer [73]. Furthermore, Renner et al. [ 73] highlighted the importance of data preprocessing
workflow for MP identification based on spectroscopy measurement in order to avoid various disturbances. Scheurer and
Bigalke [34] showed that FTIR in transition mode was most suitable for MPs of less than 1 mm in soil samples. Mintenig et
al. [68] recommended pu-FTIR over ATR-FTIR for the analysis of sludge samples with high load of synthetic fibers. Whereas,
Araujo et al. [74] highlighted the importance of using p-Raman spectrometry due to high resolution to detect very small
MPs. p-Raman spectrometry can detect MP sizes as low as 1pm compared with p-FTIR which can detect MPs sizes higher
than 10 - 20 um [4]. However, the high laser energy can as well melt the MPs resulting in poor spectra quality [34]. The
main drawback using vibrational spectrometry is the long process time [4]. Besides, identification of fibers using FTIR has
been reported to be challenging [36, 75].
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5.3. Emerging Methods

Nowadays, there are emerging analytical methods which omit the extraction and digestion steps and can directly
MPs from the soil samples. Visible near-infrared (vis-NIR) spectrometer is a technique that is being used to detect MP
concentration in different matrices. Corradini et al. [27] predicted the MP concentration in soil with an accuracy of 10 g
kg with a detection limit of approximately 15 g per kg. However, this method can only be utilized for highly MPs
contaminated medium such as sewage sludge [27]. Thermal extraction desorption gas chromatography spectrometry
GC-MS) and pyrolysis gas chromatography mass spectrometry (Pyr-GC-MS) are other analytical techniques that are
for MPs characterization [42, 76, 77, 78]. TED-GC-MS is the fastest identification method for PE, PP and PS in complex
environment like soil and digestate in anaerobic digestion systems but requires further quantification [42, 79]. Pyr-GC-
identification technique has also been reported to be very promising in detecting MPs in fish samples [77, 78]. However,
Pyr-GC-MS has not yet been considered for heterogencous environmental matrices such as soil and sewage sludge.
Besides, Shan et al. [59] demonstrated that hyperspectral imaging techniques combined with image processing and
chemometric methods can be used to identify MP between 0.5 to 5 mm from the soil directly.

6. Quantification of microplastics

MPs were found to be abundant in agricultural soils, which use plastic mulching and plastic greenhouses [29, 35,
52]. Zubris and Richards [57] and Corradini et al [53] showed that 0.58 - 1.21 fibers/g and 18 - 41 particles/g, respectively
were present in agricultural soils. Agricultural soils with plastic mulching in the Northwest of China were sampled by
Zhang et al. [35] and a total amount of approximately 0.54 mg/kg of PE and PP MPs were found with sizes more than
100 pm [35]. Liu et al. [52] investigated the presence of MPs in agricultural soils in the estuary farmlands of Shanghai,
China and the results showed that 78 items/kg and 62 items/kg of MPs were found in shallow and deep soils, respectively.
49 % and 60 % of the total MPs found were less than 1 mm in shallow and deep soil, respectively. The soil of Chai river
valley in China were studied by Zhang and Liu [29] and demonstrated that the concentration of plastic particles ranged
between 7,100 to 42,960 particles/kg out of which 95 % were small MPs of sizes ranged between 0.05 to 1 mm [29].
The study also reported that 92 % were fiber MPs which were the most dominant types followed by 8 % fragments
MPs. Zhou et al. [51] investigated MP pollution along the coastal beach soils in China and the results showed that MP
abundance varied from 1.3 to 14,712.5 /kg. 60 % of the total MP extracted were less than 1 mm and the types of MPs
found were foams (28 %), pellets (0.1 %), fragments (1.1 %), flakes (69 %), fibers (1 %), films (0.2 %) and sponges
(0.8 %) [51]. Scheurer and Bigalke [34] collected soil samples from floodplains in Switzerland and reported an
abundance of 593 particles/kg of MPs out of which more than 80 % were PE MPs of sizes ranged between 125 to 500
um. Moreover, Corradini et al. [53] sampled sandy loam soil and extracted the MPs from the soil as reported in Table
1 and 2. The results showed that MPs were in the range of 2.3 to 19 MP particles/ 5 g in the depths of 0 to 25 cm and
out of which 92 % were synthetic fibers [53]. Dikareva and Simon [22] collected soil sediments from small streams in
the largest city of New Zealand. The authors reported 80 items of MPs/ kg in the range of 63 to 500 pm and out of which
yellow films of poly(hexadecyl) methacrylate and black fragments of ethylene/ethyl acrylate copolymer were in
abundance [22]. Han et al. [28] collected soil samples on the Jinnan University campus and reported an abundance of
95 MP fragments / kg of dry matter of PP. Liu et al. [80] analysed 4 different types of soil (farmland soil, yellow brown
soil, paddy soil and floodplain soil) in China and reported the highest amount of MPs of 256 items /kg in the floodplain
soils followed by paddy soil with an abundance of 190 items /kg. The size of MPs ranges between 30 um to 476 pm and
the microfibers and particles were the salient MPs found in the soils [80]. Lv et al. [37] investigated the MP distribution
in 3 rice-fish culture systems and showed an average abundance of 10.3 items /kg from the paddy soils. The majority of
the MPs found were in the range of 20 um to 1 mm of PE and PP fibers with white colour and translucent [37]. Ven de
Berg et al. [50] studied the distribution of MPs in the agricultural soils with and without the application of sewage sludge.
The results showed that the average load of light density MPs and heavy density MPs increased by 280 MPs / kg and
430 MPs /kg, respectively [50]. Literature shows that the counting of MPs is mostly used for quantification and are
reported as items, particles and percentages. MPs particle counts and percentages are not informative enough to represent
the total weight of MPs in a particular location. Moreover, reporting in particles number, percentages and weight do not
allow comparisons between studies.
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7. Effect of microplastics on soil ecosystems

Being omnipresent as a solid pollutant, MPs could affect the soil fundamental properties [58]. For instance, Liu et al.
al. [60] showed that the addition of MPs in the loess soil increased the content of dissolved organic as well as activated the
the pools of organic C, N and P and stimulated the enzymatic activity [60]. However, de Souza Machado et al. [81] showed
showed that different polymer type of MPs had different effects in the soil properties. The authors reported that the bulk
density and water stable aggregates decreased significantly while the evapotranspiration increased by 35 % and 50 % with
with PA and PEST, respectively. The water holding capacity of the soil as well as the microbial metabolic activity increased
increased with the introduction of MPs. The authors also showed that PEST and PS significantly increased the root biomass
biomass compared with HDPE, PET and PP MPs [81].

Besides, PVC MPs of sizes less than 0.5 mm had an acute and chronic toxicity on the growth of garden cress (Lepidium
sativum) [82, 83]. Furthermore, Hernandez-Arenas et al. [84] studied the effect of sewage sludge containing MPs on the
development of tomato plants in term of biomass and lenth for shoot and root, and the stem diameter and tomato production.
Tomato plants (Lycopersicon esculentum Mill.) were cultivated in soil, manure, soil containing peat moss: silica sand:
manure: sludge at a ratio of 50:50:0:0, 45:45:10:0, and 45:45:0:10. Each type of soil was replicated in seven pots and after3
and half months the tomatoes were harvested. The authors showed that the soil containing sewage sludge contaminated with
MP delayed and diminished tomato production. However, the authors also highlighted that other factors such as heavy metal
may have influenced the results [84].

The negative impacts of MPs in aquatic organisms have received much scientific attention in the past decades. Studies
are now reporting that MPs can have a negative impact on the soil biodiversity and ecosystem functioning [85]. For instance,
Chen et al. [86] highlighted the surface damage of Eisenia fetida earthworms at a concentration of 1.5 g/kg of LDPE MPs
(<400 pm) and showed the presence of LDPE MPs (< 100 um) in the earthworm’s egestate. High accumulation of MPs in
the soil ecosystems might have damaging effects on crop production as well as on the soil organisms [31, 87]. MPs particles
can be ingested by biota and they bioaccumulate in the organisms whereby the organisms are physically distorted and bear
internal abrasion and blockages [88, 89]. Ingested MPs have the propensity to sorb persistent organic pollutants, plastic
additives and other toxic elements that are carcinogenic and deleterious to the endocrine system [15, 64, 90, 91].

8. Microplastics pathways/fate in soils

Once the MPs are deposited on the agricultural soil surfaces through various routes, they experience several pathways
contributing to their propagation throughout the soil environment. Soil is porous which makes the migration of MPs particles
possible. For instance, Grayling et al. [92] highlighted the movement of MPs particles of sizes 0.1 - 6.0 pm in the soil column,
while larger sizes we retained into the soil acting as a sink. Unfortunately, MPs can be transported into the nearby water
bodies through wind and rainfall, and can also migrate into deeper soils through soil organisms which increases the chances
of aquifers contamination [41]. For instance, Maal et al. [93] tested whether soil microarthropods, Folsomia candida and
Proisotoma minuta, can transport MP particles over large distances. Urea-formaldehyde particles (200-400 pm particle size)
and polyethylene terephthalate fibres were ground into two particle fractions: <100 um and 100-200 um. The study gave
evidence of the movement and distribution of MPs by soil microarthropods.

Huerta-Lwanga et al. [94] assessed the effects of MPs and the amount of MPs that were transported and deposited in
Lumbricus terrestris. The worms were exposed to the soil surface litter treatments containing LDPE for 2 weeks at different
concentrations: 0 %, 7 %, 28 %, 45 % and 60 %. The results showed L. terrestris transported the MPs from the soil surface
into their burrows in a size-selective way. This study also gave evidence of MPs uptake and biogenic transport into soil by
worms may lead to the pollution of underground water, uptake by terrestrial plants as well as enter the terrestrial food webs.
Another study showed an increased concentration of MPs in earthworm casts (129.8 + 82.3 particles.g!) and in chicken
faeces (10.2 £+ 13.8 MPs particles per gizzard) with increasing MP concentration in home garden soil [95]. The authors also
predicted that humans can accumulate 840 MP particles/person/year through the consumption of chicken gizzards [95].
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. Gaps in Research and future perspectives
This review provides an insight into the different analytical methods used for the identification of MPs in different
terrestrial environment. The most commonly used methodologies include random sampling, sieving followed by
flotation method and identification using stereo microscope, SEM, FTIR and Raman spectroscopy. As stated earlier,
there are no standardised protocols for the identification of MPs in the terrestrial environment.

2. Different authors devised their own methodological approach for the extraction and analysis of MPs which hinders
the evaluation of MPs present in the soil environment. Additionally, there is little information on the agricultural
practices of the farmers/ planters in terms of plastic usage and disposal.

3. Further research is needed for the distribution of MPs in soil through the use of treated wastewater for irrigation and
compost.

4. The spatial and temporal planes have to be considered to provide a holistic picture for characterizing and quantifying
MPs in different environmental conditions.

5. Characteristion and quantification of MPs are essential in order to gauge the degradation caused by plastics and take
remedial actions. The use of chemical fertilisers is common practice in agricultural lands and these can either be
absorbed or adsorbed by the MPs.

6. It is important to determine the effect of heavy metals that might be present in the chemical fertilisers on the MPs.
It would also be interesting to determine the eco-toxicological impacts of MPs in the terrestrial environment.

7. Current literature focuses mainly on lands where there are direct input of MPs or plastics. This may not be very
efficient to provide a holistic approach regarding MP pollution in the soil. Hence, further research still needs to be
carried out in other types of land and regions. The sampling sites history is also beneficial for comparison.

8. The effects of MPs in agricultural soils have been demonstrated by recent studies posing a significant threat to the
soil biota, plants and animals, ultimately the human health through food chain. Besides, the results of this study
provide evidence of the fragmentation and disintegration of larger plastic particles into MPs which can reduce further
into nanoplastics. Research on the impact of nanoplastics on soil biota and plants is still at its infancy due to its size
and high cost associated. Hence, proper management of plastic wastes in agricultural lands together with regular
cleaning is vital to reduce MP loads in the terrestrial environment.
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