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RESUMO

Os residuos plasticos representam um grave problema para o meio ambiente. Além disso, a
gestao inadequada dos residuos na produgdo agricola tem contribuido significativamente para
o aumento da polui¢do do solo, gerando grandes impactos nos agroecossistemas. Esses residuos
incluem macroplasticos (MaP, >25 mm), mesoplésticos (MeP, 5-25 mm) e microplasticos (MP,
<5 mm), cujas concentragdes e caracteristicas variam conforme o uso do solo e a regido, o que
justifica a necessidade de pesquisas detalhadas em solos tropicais. Quatro estudos foram
realizados em uma sub-bacia hidrografica do alto Rio Grande, em Lavras Minas Gerais, Brasil,
para avaliar a abundancia, morfologia e identificacdo dos MaP, MeP e MP em solos de uso
agricola, pastagem e florestal, além de relacioné-los com atributos fisicos e quimicos do solo,
atributos do terreno e o Indice de Vegetagio por Diferenca Normalizada (NDVI). No primeiro
estudo, foi avaliada a eficiéncia de recuperagdo de MP usando a metodologia de separagdo por
densidade com trés solugdes extratoras em solos tropicais brasileiros, obtendo taxas de
recuperagdo de 81,0%-98,8% para polietileno de baixa densidade (LDBD) e 59,7%—75,2%
para policloreto de vinila (PVC). O segundo estudo realizou um levantamento georreferenciado
de MaP e MeP, identificando polimeros como polipropileno (40,94%), polietileno (30,20%) e
policloreto de vinila (11,41%), com abundancia variando de 0,509 x 10° a 104 x 10° pecas ha™
e massa de 0,039 a 405 kg ha™'. Esses detritos plasticos apresentaram correlacdo com a
declividade, o fator LS e a cobertura vegetal. No terceiro estudo analisou-se a presenga de MP
na camada de 0-20 cm do solo, identificando majoritariamente particulas de polipropileno,
polietileno, politereftalato de etileno e policloreto de vinila, na forma de filmes e fragmentos.
A abundancia média de microplasticos em solos agricolas, florestais e de pastagem foi de 3.406,
3.826 e 2.553 pecas kg, respectivamente. A abundancia de MP correlacionou-se
negativamente com matéria orginica, argila e porosidade e positivamente com atributos
topograficos. Por fim, no quarto estudo, realizou-se uma analise geoestatistica da polui¢ao
plastica para prever a distribui¢do espacial dos MP, revelando forte dependéncia espacial,
seguindo o modelo gaussiano. O mapa de krigagem indicou concentragdes de MP que variam
entre 600 e 7.400 pecas kg™!, com maior acimulo em areas agricolas e florestais. A variabilidade
espacial de MaP, MeP e MP em solos tropicais ¢ influenciada pelo uso da terra, topografia e
propriedades do solo. A identificacdo de diferentes tipos de polimeros e morfologias de
particulas evidencia a complexidade da contaminagdo plastica nos agroecossistemas. Esta
distribui¢do espacial dos MP permite identificar pontos criticos de polui¢ao plastica na area de
estudo, apresentando padrdes relacionados as caracteristicas da paisagem. Essas descobertas
ressaltam a necessidade de estratégias de gestdo mais eficazes para mitigar o acimulo de
residuos plasticos em ambientes agricolas e naturais.

Palavras-Chaves: atributos do solo; distribuicdo espacial; polimeros; poluicao difusa; solo
tropical; uso do solo.



ABSTRACT

Plastic waste represents a serious environmental problem. Additionally, inadequate waste
management in agricultural production has significantly contributed to increased soil pollution,
causing major impacts on agroecosystems. This waste includes macroplastics (MaP, >25 mm),
mesoplastics (MeP, 5-25 mm), and microplastics (MP, <5 mm), whose concentrations and
characteristics vary according to land use and region, highlighting the need for detailed research
in tropical soils. Four studies were conducted in a sub-basin of the Upper Rio Grande in Lavras,
Minas Gerais, Brazil, to assess the abundance, morphology, and identification of MaP, MeP,
and MP in agricultural, pasture, and forest soils, as well as to relate them to the physical and
chemical attributes of the soil, terrain characteristics, and the Normalized Difference Vegetation
Index (NDVI). In the first study, the efficiency of MP recovery was evaluated using the density
separation methodology with three extracting solutions in Brazilian tropical soils, obtaining
recovery rates of 81.0%-98.8% for low-density polyethylene (LDPE) and 59.7%—75.2% for
polyvinyl chloride (PVC). The second study conducted a georeferenced survey of MaP and
MeP, identifying polymers such as polypropylene (40.94%), polyethylene (30.20%), and
polyvinyl chloride (11.41%), with abundance ranging from 0.509 % 10° to 104 x 103 pieces ha™'
and mass from 0.039 to 405 kg ha™'. These plastic debris showed a correlation with slope, the
LS factor, and vegetation cover. These plastic debris showed a correlation with slope, the LS
factor, and vegetation cover. In the third study, the presence of MP in the 0—20 cm soil layer
was analyzed, identifying mainly polypropylene, polyethylene, polyethylene terephthalate, and
polyvinyl chloride particles in the form of films and fragments. The average abundance of
microplastics in agricultural, forest, and pasture soils was 3,406, 3,826, and 2,553 pieces kg™!,
respectively. The abundance of MP correlated negatively with organic matter, clay, and porosity,
and positively with topographic attributes. Finally, in the fourth study, a geostatistical analysis
of plastic pollution was conducted to predict the spatial distribution of MP, revealing strong
spatial dependence following the Gaussian model. The kriging map indicated MP
concentrations ranging from 600 to 7,400 pieces kg !, with higher accumulation in agricultural
and forest areas. The spatial variability of MaP, MeP, and MP in tropical soils is influenced by
land use, topography, and soil properties. The identification of different polymer types and
particle morphologies highlights the complexity of plastic contamination in agroecosystems.
This spatial distribution of MP allows for the identification of critical plastic pollution hotspots
in the study area, revealing patterns related to landscape characteristics. These findings
emphasize the need for more effective management strategies to mitigate the accumulation of
plastic waste in agricultural and natural environments.

Keywords: soil attributes; spatial distribution; polymers; diffuse pollution; soil tropical; land
use.



INDICADORES DE IMPACTO

O presente trabalho teve como objetivo investigar a presenga e distribui¢ao de residuos plasticos
como sao, macroplasticos (MaP), mesoplasticos (MeP) e microplasticos (MP), em solos
tropicais de diferentes usos na sub-bacia hidrografica do alto Rio Grande, em Lavras, Minas
Gerais, Brasil. Considerando suas correlagdes com atributos fisicos, quimicos e topograficos
do solo. Os resultados obtidos evidenciam impactos ambientais relevantes destacando-se que a
analise demonstrou que a gestdo inadequada de residuos na produgdo agricola contribui
significativamente para a poluicdo do solo, com implicacdes diretas sobre a satide dos
agroecossistemas e, indiretamente, sobre a seguranca alimentar e o bem-estar das comunidades
rurais. A eficiéncia de métodos de extragao de microplasticos foi validada, com taxas de
recuperagdo variando de 59,7% a 98,8% dependendo do tipo de polimero e solugdo utilizada,
representando um avango metodoldgico relevante para estudos futuros. A quantificacido de MaP
e MeP revelou uma ampla variagdo na abundancia (0,509 x 10°* a 104 x 10° pegas ha™") e massa
(0,039 a 405 kg ha™'), com predominadncia de polipropileno, polietileno e PVC, cujas
distribuicdes mostraram relacdo direta com caracteristicas da paisagem, como declividade e
cobertura vegetal. A presen¢a de MP na camada superficial do solo (0—20 cm) foi observada em
todos os tipos de uso do solo, com abundancias médias de 3.406 pegas kg! em areas agricolas,
3.826 pecas kg ! em areas florestais e 2.553 pegas kg™ em pastagens, evidenciando que mesmo
ambientes menos antropizados estdo sendo impactados. Os dados indicam que a poluigdo
plastica nos solos ¢ um fendmeno complexo, associado tanto a atividades humanas quanto a
processos naturais de transporte e redistribui¢do, exigindo intervencdes articuladas entre
produtores rurais, gestores publicos e a sociedade civil. Os impactos tecnoldgicos incluem o
desenvolvimento de protocolos mais precisos para quantificagdo e mapeamento da poluicao,
enquanto os impactos sociais e culturais abrangem a conscientizag¢ao sobre os riscos ambientais
e a promocao de praticas agricolas mais sustentaveis. Os impactos estdo diretamente
relacionados a diversos Objetivos de Desenvolvimento Sustentavel (ODS) da Agenda 2030 da
ONU, como o ODS 2 (Fome Zero e Agricultura Sustentavel), ODS 6 (Agua Potavel e
Saneamento), ODS 12 (Consumo e Produc¢ao Responsaveis), ODS 13 (A¢ao Contra a Mudanca
Global do Clima) e ODS 15 (Vida Terrestre), demonstrando a relevancia do tema para o

cumprimento dos compromissos globais assumidos pelo Brasil.



IMPACT INDICATORS

The present study aimed to investigate the presence and distribution of plastic debris—namely
macroplastics (MaP), mesoplastics (MeP), and microplastics (MP)—in tropical soils under
different land uses within the sub-basin of the Upper Rio Grande, in Lavras, Minas Gerais,
Brazil, considering their correlations with physical, chemical, and topographic soil attributes.
The results highlight significant environmental impacts, showing that inadequate waste
management in agricultural production contributes substantially to soil pollution, with direct
implications for agroecosystem health and indirect consequences for food security and the well-
being of rural communities. The efficiency of MP extraction methods was validated, with
recovery rates ranging from 59.7% to 98.8%, depending on the type of polymer and the solution
used, representing a relevant methodological advancement for future studies. The quantification
of MaP and MeP revealed wide variations in abundance (0.509 x 10° to 104 x 10° pieces ha™)
and mass (0.039 to 405 kg ha™"), with a predominance of polypropylene, polyethylene, and
PVC, whose distributions showed a direct relationship with landscape features such as slope
and vegetation cover. MP were detected in the surface soil layer (0—20 cm) across all land use
types, with average abundances of 3,406 pieces kg in agricultural areas, 3,826 pieces kg™ in
forest areas, and 2,553 pieces kg in pastures, indicating that even less anthropized
environments are being affected. The data suggest that plastic pollution in soils is a complex
phenomenon, linked both to human activities and to natural processes of transport and
redistribution, requiring coordinated action among farmers, public managers, and civil society.
Technological impacts include the development of more accurate protocols for quantifying and
mapping pollution, while social and cultural impacts involve raising awareness of
environmental risks and promoting more sustainable agricultural practices. These impacts are
directly related to several Sustainable Development Goals (SDGs) of the UN 2030 Agenda,
such as SDG 2 (Zero Hunger and Sustainable Agriculture), SDG 6 (Clean Water and
Sanitation), SDG 12 (Responsible Consumption and Production), SDG 13 (Climate Action),
and SDG 15 (Life on Land), demonstrating the relevance of the topic to the fulfillment of global

commitments undertaken by Brazil.
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GENERAL INTRODUCTION

Plastic waste of various sizes, colors, shapes, and polymer types is found in all terrestrial
environments. Its widespread presence is primarily attributed to excessive use in everyday
products, inadequate recycling, and high resistance to degradation (Hu et al., 2022).
Consequently, it is considered a persistent and ubiquitous emerging pollutant (Akca et al.,
2024). Their occurrence is linked to using plastic products in agriculture, atmospheric
deposition, and improper recycling (Bldsing; Amelung, 2018; Fernandes et al., 2022).

The first studies on plastic residues were conducted in aquatic environments (Sierra et
al., 2020). However, current research has expanded to other settings, including river and lake
sediments (Gerolin et al., 2020), beaches and mangroves (Garcés-Ordofiez et al., 2019),
terrestrial environments (Qi et al., 2020), the atmosphere (Liu et al., 2023), and even within
organisms such as small crustaceans, fish, and plants (Huang et al., 2022), soil biota (Adhikari
et al., 2023), and the human body (Yang et al., 2022).

These plastic residues include macroplastics (MaP), larger than 25 mm; mesoplastics
(MeP), ranging from 5 to 25 mm; and microplastics (MP), smaller than 5 mm (Kumar et al.,
2021; Lietal., 2020). MP are small polymer particles classified by their origin into primary and
secondary microplastics. Primary MP are intentionally manufactured for industrial applications
(Thompson et al., 2004). Secondary MP results from the fragmentation or degradation of larger
plastic products (Guo et al., 2023). This degradation is driven by various environmental factors,
including moisture, heat, oxygen, radiation, light exposure, mechanical friction, and
biodegradation by microorganisms (Gui et al., 2021; Yan et al., 2022).

In the initial phase of plastic waste studies in soil, implementing quality assurance and
control practices is essential to prevent sample contamination and ensure reliable data
(Fernandes et al., 2022; Maddela et al., 2023). In the second phase, various methodologies are
used for plastic waste separation and extraction from soil. Currently, no standardized
methodology exists for these procedures (Radford et al., 2021), For MaP and MeP separation,
using a 5 mm sieve, along with cleaning and visual identification procedures, facilitates the
accurate collection of data on the presence and characteristics of plastics in agricultural
environments (Cesarini; Scalici, 2022; Meng et al., 2020).

On the other hand, for MP embedded in the soil matrix, the extraction process must
begin with the digestion of organic matter to prevent overestimation or underestimation of their
concentration (Grause et al., 2022; Radford et al., 2021). Subsequently, density separation is
performed using solutions of different densities (Liu et al., 2019; Quinn; Murphy; Ewins, 2016),
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followed by filtration, which isolates the MP onto filter paper (Li et al., 2020; Thomas et al.,
2020).

The quantification and characterization of MP are conducted using stereoscopic
microscopy, where particles are counted and classified based on color, size, and shape, with the
support of specialized image analysis software (Samanta et al., 2022; Zhang; Liu, 2018).
Finally, the polymer composition of plastic residues is identified through non-destructive
techniques such as Fourier Transform Infrared Spectroscopy (FTIR) and Raman Spectroscopy
(Munno et al., 2020; Souza Machado et al., 2019; Thomas et al., 2020).

Several studies have linked the concentration of plastic residues to land use (Zhang;
Yang; Zhang, 2024), the application of organic fertilizers (Corradini et al., 2019), proximity to
urban areas (Wang et al., 2021), and industrial centers (Zhou et al., 2023), as well as natural
processes such as rainfall, wind, vegetation type and density, microfauna, and erosion (Hu et
al., 2022; Li et al., 2021). These factors can contribute to migrating MP in the soil, both
horizontally and vertically (Pérez et al., 2022). However, most authors indicate that human
activities, such as agriculture (Dogra et al., 2024), irrigation (Liu et al., 2023b), and recreation
(ZHOU et al., 2021), are the main contributors to the concentration of plastic residues in the
soil (Feng; Lu; Yao, 2023; Liu et al., 2023).

Plastic residues in terrestrial environments can pose significant environmental risks (He
et al., 2018). The ingestion of microplastics can affect various soil organisms, including
earthworms, nematodes, and springtails, compromising their health and ecological functions
(Souza Machado et al., 2018; Tian et al., 2022). Additionally, microplastics can interfere with
crop root growth (Wang et al., 2022), cause severe harm to soil organisms (Bonnevie et al.,
2021), alter water infiltration rates (Souza Machado et al., 2019), increase carbon dioxide and
nitrogen loss, reduce soil fertility (Li et al., 2022), and consequently decrease agricultural
production (Nizzetto; Futter; Langaas, 2016).

However, many impacts of microplastic pollution on agroecosystems remain unknown
(La et al., 2024). Therefore, studies on the presence of macroplastic (MaP), mesoplastic (MeP),
and microplastic (MP) residues in tropical soils, as well as their potential ecological risks, are
relevant (Zhou et al., 2020; He et al.,, 2018) to better understand their occurrence,
characteristics, and potential ecological risks. This is particularly important for Brazilian
agricultural soils, where research on microplastics within the soil matrix is still in its early stages
(Paes et al., 2022; Sarti et al., 2022).

Therefore, in this study, we examined factors influencing the concentration and spatial

distribution of plastic particles, including terrain morphology, vegetation type, and land use. In
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addition to determining the abundance of plastic waste and identifying the most representative
polymer types in the soil samples, we analyzed the spatial distribution of MP. This analysis
permits the identification of critical points of plastic pollution in the study area, revealing
patterns related to landscape characteristics. These findings underscore the need for more
effective management strategies to mitigate plastic waste accumulation in agricultural and

natural environments.

OBJECTIVES AND THESIS STRUCTURE

The general objective of this thesis was to assess the abundance of plastic residues in
tropical soils, characterize and identify these residues, and analyze their interactions with land
use in an agricultural sub-basin. The specific objectives of this study were: 1) To develop and
evaluate a method for extracting and analyzing LDPE and PVC microplastics in four
representative types of tropical agricultural soils in Southeastern Brazil. ii) To quantify and
characterize the abundance, mass, and polymer composition of macroplastics, mesoplastics,
and coarse microplastics in tropical agricultural soils, identifying their sources of
contamination. Additionally, it will describe and analyze their spatial distribution and
relationship with topographic features such as slope, LS factor, and vegetation cover,
considering parameters such as quantity, mass, area, diameter, and perimeter to identify patterns
and potential accumulation hotspots. iii) To assess the presence of microplastics in the 0-20 cm
soil layer and examine their relationship with soil physical and chemical properties, terrain
attributes, and the Normalized Difference Vegetation Index (NDVI). iv) To determine the
abundance of microplastics in the soil and predict their spatial distribution within a sub-
watershed, using geostatistical methods for three land use types: forest, grassland, and

agricultural land.

This thesis is structured into four scientific papers to achieve its research objectives. The
first paper evaluates a methodology for extracting and identifying microplastics in four tropical
agricultural soils, as well as quantifying and characterizing the microplastics present. The
second paper utilizes geostatistical tools and satellite data to generate distribution maps of
plastic residues on the soil surface, employing /mageJ software to determine their dimensions
and abundance. A multiple-factor analysis is conducted to assess the relationship between these
variables and terrain characteristics, as well as vegetation cover, to identify accumulation

patterns. The third paper investigates the physical and chemical properties of the soil and their
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relationship with microplastics extracted from the 0—20 cm soil profile, incorporating data from
the SAGA-GIS basic terrain analysis in QGIS software. This analysis considers variables such
as slope, valley depth, distance to the channel network, channel network base level, planar
curvature, profile curvature, convergence index, topographic wetness index, relative slope
position, and LS factor, which are extracted to the sampling grid using the Point Sampling Tool
with bilinear interpolation. Finally, the fourth paper applies geostatistical analysis using the R
computational system, along with the Gstat and GeoR libraries, to predict the spatial
distribution of microplastic abundance identified in the third paper, with interpolation

performed using the ordinary kriging predictor.
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PAPER 1 - A METHOD FOR THE EXTRACTION AND ANALYSIS OF
MICROPLASTICS FROM TROPICAL  AGRICULTURAL SOILS IN
SOUTHEASTERN BRAZIL

ABSTRACT

Microplastics (MP) are widespread pollutants that pose a risk to soil ecosystems globally,
especially in agricultural soils. This study introduces a method to extract and identify MP in
Brazilian tropical soils, targeting low-density polyethylene (LDPE) and polyvinyl chloride
(PVC) polymers, commonly present in agricultural settings. The method involves removing
organic matter and extracting MP using density separation with three flotation solutions:
distilled water, NaCl, and ZnCl,. Extracted MP are then analyzed through optical microscopy
and Fourier transform infrared spectroscopy. Recovery rates for LDPE ranged from 81.0% to
98.8%, while PVC samples showed a range of 59.7% to 75.2%. Finally, this methodology was
tested in the four agricultural raw soil samples (i. e. without any polymer enrichment). The
values found in the soil samples were 2,517.5, 2,245.0, 3,867.5, and 1,725.0 pieces kg!, for the
Ferralsols, Nitisols Gleysols, and Cambisols samples, respectively, with diverse shapes
including fragments, granules, films, and fibers. This approach lays the groundwork for future

studies on MP behavior in Brazilian tropical agricultural soils.

Keywords: Density separation, Extraction of microplastic, Spectroscopy, Tropical soils.
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1 INTRODUCTION

Since the advent of synthetic plastics in the early twentieth century, their production and
widespread utilization have experienced significant growth. Plastics play an integral role in
nearly every facet of human activity, including agriculture, civil construction, medical
equipment, industrial manufacturing, automotive, and electronics. This extensive application
owes to their inherent plasticity, stable chemical properties, and remarkable impact resistance
(1,2).

In agriculture, plastics find diverse uses, ranging from protective systems and coverings
to irrigation, transportation, and storage of agricultural products. They serve in storing
pesticides (herbicides and insecticides), and agricultural inputs (seeds and fertilizers), and
contribute to irrigation systems and the controlled release of nitrogen, often in the form of
nanocomposites (3—6). However, despite their manifold advantages, the environmental
repercussions of plastic usage are undeniable. Although many thermoplastic polymers are
theoretically recyclable, the current recovery rate remains dismally low, hovering below 6%
(7,8).

Over time, improperly disposed plastics undergo weathering and degradation,
transforming into fragile and brittle fragments, thus forming microplastics (MP) or nanoplastics
(NPs). MP constitute solid plastic particles ranging in size from 1 pm to 5 mm, while NPs are
particles smaller than 100 nm (8—10). Due to their diminutive size, these particles can be easily
dispersed by wind and water currents over extensive distances, thereby infiltrating marine (11)
and terrestrial ecosystems (4). This wide dissemination poses a significant threat to ecosystems,
as these particles can be ingested by marine organisms, potentially entering the food chain and
impacting human health (12,13).

In recent decades, numerous studies have focused on identifying and quantifying MP
across various ecosystems (14,15). Research indicates that the majority of plastic waste
originates from terrestrial sources (16—19). Studies conducted in Brazil have shown that
microplastic pollution is widespread across different ecosystems, including beaches, rivers, and
sediments (20,21). In agricultural soils, the primary sources of microplastics are polyethylene
(PE), polypropylene (PP), polyvinyl Chloride (PVC), and polystyrene (PS) (22,23).
Particularly, Low-Density polyethylene (LDPE) and PVC MP were found in large quantities in
agricultural soils (24), which is not surprising as these plastics are widely used in modern

agriculture.
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For instance, LDPE mulch film, which is used as a covering material in agriculture (25),
accounts for approximately 2% of global plastic production each year (26). PVC is also
commonly used in irrigation devices (27). Therefore, it is crucial to assess and monitor the
presence of MP in agricultural soils and their impact on the quality of the ecosystem, as well as
the well-being of both biota and humans. Hence, identifying and quantifying plastic materials
in agricultural soil may be of particular challenge, because it is a heterogeneous matrix of
mineral solids, organic matter, and other constituents in a complex manner (28).

This study aims to develop and evaluate a method for extracting and analyzing LDPE
and PVC microplastics in four agricultural tropical soil types that are representative of
Southeastern Brazil: Gleissolo Melanico Tb Distréfico tipico (GM), Latossolo Vermelho-
Amarelo Distrofico tipico (LVA), Nitossolo Héplico Distrofico tipico (NX), and Cambissolo
Haplico Tb distréfico tipico (CX), according to the Brazilian System of Soil Classification
Brazil (29). The MP extraction was done using the density separation method and their
identification was done through optical microscopy and Fourier-transform infrared

spectroscopy.

2 MATERIAL AND METHODS

2.1 Sample preparation

2.1.1 Microplastic samples

The microplastics used in the experimental procedures were specifically prepared for
this study. Two types of polymers were selected due to their relevance as common sources of
microplastics in agricultural environments (30,31). low-density polyethylene (LDPE) pellets
and polyvinyl chloride (PVC) powder. Both materials were obtained from the Polymer
Laboratory at the Federal University of Lavras. Additionally, fragments derived from a PVC
irrigation pipe were included. The LDPE microplastics have densities ranging from 0.91 to
0.925 g cm, while the PVC particles range between 1.25 and 1.60 g cm™.

To obtain plastic particles with micrometric dimensions, the plastics were grated using
a metal file. Subsequently, the particles were sieved through meshes of 2000 um, 1000 um, 500
um, 210 um, and 105 pm to obtain microplastic particles with sizes ranging from 105 pm -
2000 pm. This size range was selected due to the significant prevalence of microplastics in soil

within this range (12). The same mass proportion of the sieved microplastics was employed to
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produce the microplastic samples. Consequently, microplastic particles of varied sizes and
shapes were generated through this process. Finally, the microplastic groups were prepared as
follows: Group 1: LDPE microplastics, Group 2: PVC microplastics, and Group 3: samples

with equal mass proportion of Groups 1 and 2.

2.1.2 Soil samples

Raw soil samples used comprised four tropical soil types: Gleissolo Melanico Tb
Distrofico tipico (GM), Latossolo Vermelho-Amarelo Distrofico tipico (LVA), Nitossolo
Héplico Distréfico tipico (NX), and Cambissolo Haplico Tb distrofico tipico (CX), according
to the Brazilian System of Soil Classification (29). These correspond to Gleysols (GM),
Ferralsols (LVA), Nitisols (NX), and Cambisols (CX), respectively, according to WRB (32).
The samples were collected from the 0—20 cm soil layer at Muquem Farm and the Federal
University of Lavras campus, in the municipality of Lavras, Minas Gerais state, Brazil, in an
area destined for agricultural use, in August 2022. The soil samples were collected using a steel
auger. Finally, samples were obtained with a mass of 500 g, which was stored in glass jars to
prevent contamination. Chemical and physical analyses were performed according to Silva et
al. (33). The landscape, location, land use, and physical and chemical characteristics of the

studied soils are detailed in Table 1.

Table 1 Landscape, location, land use, physical and chemical properties of the studied soils.

L. Soil Class
Characteristics
LVA NX GM CX

21°12'16.62"S 21°11'56.09"S 21°12'4.23"S 21°13'49.59"S
Location

44°58'55.14"0 44°58'51.02"0  44°58'44.48"0O 44°59'0.44"0O
Altitude (m) 996 978 960 918
Slope (%) 8-20 3-8 3-8 20 - 45
Current crop Soybean Soybean Rice-Beans Olive trees
Clay (g kg™") 490 530 310 550
Silt (g kg™) 100 60 220 170
Sand (g kg™") 410 410 470 280
Bulk density (g cm™) 1.36 1.29 0.75 0.92
Macroporosity (cm’cm™) 0.13 0.15 0.27 0.13

Microporosity (cm? cm™) 0.39 0.38 0.46 0.27



25

Total Porosity (cm? cm) 0.52 0.52 0.73 0.40
pH (H,0) 5.6 6.9 5.0 5.0

AP (cmole dm™) 0.10 0.10 0.20 0.00
H+Al (cmol. dm™) 2.70 1.20 4.00 1.70
SB (cmol. dm™) 5.68 8.69 9.15 1.86
eCEC (cmol. dm™) 5.78 8.79 9.35 1.86
tCEC (cmol. dm™) 8.38 9.89 13.15 3.56
BS (%) 67.78 87.90 69.55 52.28
m (%) 1.73 1.14 2.14 0.00
SOM (g kg™ 30.8 26.3 172.9 4.70

Note: LVA: Ferralsols; NX: Nitisols; GM: Gleysols; CX: Cambisols; AI’*": Exchangable
aluminum; SB: Sum of Bases; eCEC: effective cation exchange capacity; tCEC: Cation
exchange capacity at pH 7; BS: Base saturation; m: Aluminum saturation; SOM: soil organic
matter.

The samples were air-dried, sieved through a 2 mm mesh, and subjected to a 200 °C heat
treatment for 24 hours. This process aimed to degrade the target microplastic particles in the
soil while minimally affecting the soil organic matter (SOM) (34,35). By avoiding the
combustion of SOM, we prevented any interference in the subsequent stages of the study.

Furthermore, researches indicate that the presence of organic matter in soil can affect
the extraction of microplastics, leading to inaccurate estimations of their concentration in the
soil (6,36,37). Therefore, before preparing the MP/soil samples, organic matter was removed
using alkaline digestion, following the method described by Enders et al. (38). Briefly, ten
grams of each soil sample were measured and transferred into a 200 mL beaker. Subsequently,
20 mL of a 30% KOH: NaClO solution was added to the soil and manually mixed for 2 minutes
to ensure even distribution. The mixture underwent ultrasonic treatment in a water bath for 5
minutes to facilitate further dispersion and breakdown of soil aggregates. Following this, the
mixture was transferred to an oven set at 50°C with forced air circulation to facilitate the
evaporation of the alkaline solution. To ensure uniform digestion, the sample was manually
shaken for 30 seconds every 4 hours during its incubation in the oven.

This digestion procedure was performed in triplicate to ensure consistency and reliability
of results. Moreover, control soil samples were also prepared using the same protocol without
adding the 30% KOH: NaClO solution. This control protocol was repeated in triplicate to serve
as a baseline for comparison. The reagents were purchased from Neon and Alphatec Co. Ltda.,

Brazil.
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2.1.3 Microplastic/soil samples

After the soil digestion procedure, the mixtures of microplastic and soil samples were
prepared using 1 mg of microplastic per gram of soil (1 g kg™ dry weight). Each soil sample
was mixed with the respective groups of MP (Groups 1, 2, or 3) in triplicate. These samples
were named as SOIL/LDPE, SOIL/PVA, and SOIL/LDPE: PVA (where SOIL is ferralsols,
gleysols, cambisols, and Nitisols).

The chemicals were purchased from different Brazilian suppliers: sodium hypochlorite
(NaClO) from Neon Co. Ltda., potassium hydroxide (KOH) from Alphatec, sodium chloride
from Vetec, and zinc chloride (ZnCly) from Dinamica Co., Ltda. All chemicals were of

analytical grade, and purified distilled water was used throughout the experiments.

2.2 Extraction of microplastics: Density separation, centrifugation, and filtration

The method of density separation is widely employed to isolate microplastic particles
from soil samples (8,16,22,24,25,39-41). In our study, the extraction of MP in soil samples
followed the methodology outlined by (4,42), incorporating modifications. We applied the
technique using sequentially three different liquids to isolate MP from soil: purified distilled
water (DW) (p= 1.00 g cm™), a saturated solution of sodium chloride (NaCl) (S1) (p=1.19 g
cm™), and zinc chloride (ZnCl,) (S2) (p= 1.5 g cm™). The chemicals were of analytical grade,
purchased from different Brazilian suppliers: NaCl from Vetec, and ZnCl, from Dinadmica Co.,
Ltda.

Initially, we mixed 20 mL of distilled water with soil/MP sample (at a soil-to-MP ratio
of 1g:1mg.). The mixture was manually stirred for 20 minutes and allowed to rest for 48 hours.
Afterward, the mixture was sonicated for 5 minutes and centrifuged for 5 minutes. The
supernatant was carefully removed and passed through a 2 pm nylon filter. To the solid mixture
remaining in the beaker, we added 20 mL of S1. Again, this mixture was manually stirred for
20 minutes, sonicated for 5 minutes, and then centrifuged to remove the supernatant. The
supernatant underwent two rounds of filtration using both DW and Solution S1.

Finally, 20 mL of S2 was added to the solid mixture in the beaker, and the previous
procedure was repeated. In this instance, the supernatant was filtered through a nylon filter. All
the nylon filters containing the MP were placed into Petri dishes, dried at room temperature,

and then subjected to further analyses. The method of extracting MP from the soil samples is
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illustrated in Figure 1. Lastly, the potential contamination during the process was evaluated by

conducting each extraction step on a soil-free solution.

Method of extraction and identification of
microplastics (MPs) in the soil

Type of soil samples: MPs samples:
Ferralsol (LVA), LDPE (G1)
Nitisol (NX), PVC (G2)
Gleysol (GM), PVC + LDPE (G3)
Cambisol (CX)

. 4

Soil organic matter
digestion
KOH:NaClO 30%

\ 4

Mixture Soil : MPs
ratio 1:0.001

¥

Method for the extracti_on of MPs

' ' [ Density separation -

| Distilled water (DW)
Sodium chloride (S1)

Zinc chloride (S2)
The supernatant was filtered

‘ through a nylon filter

Identification and quantification of MPs

Characterization by

= . Identification by
optical microscopy

Fourier Transform

Size Infrared Spectroscopy
shapes
(FTIR).
Abundance

Figure. 1. Schematic diagram of test procedure used for MP extraction and identification of
agricultural soils.
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2.3  Evaluation of organic matter removal from the soil samples

The efficiency of removing organic matter using the KOH: NaClO solution was
determined by comparing the organic matter content in soil samples with and without digestion.
For this proposal, initially, we determined the organic matter content in the soil samples, using
the loss-on-ignition method (LOI) (43). In brief, 10g of each soil sample was dried in an oven
at 105 °C for 2 hours, until a constant dry weight was achieved. Then, it was combusted at 550
°C for 2 hours and it was cooled to room temperature. Then, the organic matter content in the

soil samples was calculated through the following equation:

_ W(105°C)-W(550°C)
Lot = W(105°C)

x100% (1)

Where W(105 °C) represents the dry weight of the sample before combustion and W(550
°C) is the dry weight of the sample after heating to 550 °C (both in g).
The efficiency of removing organic matter from the soil samples was done using the

following equation:

SOM,
SOM;

Removedorganicmatter (%) = x100 (2)
where SOM; represents the mass percent of organic matter in the soil samples that did
not undergo the digestion step and SOM, represents the mass percent of organic matter of soil

samples after digestion.
2.4  Microplastic recovery rate

As mentioned before, the nylon filters containing the MP were placed onto a Petri dish.
This filter was used to calculate the recovery rate of MP as follows:
Wo—-w,

recoveryrate[%)] = —-—x 100 3)

3

Where W is the weight (g) of the dry filters before extraction of MP, W is the weight
(g) of the dry filters with microplastics, and W3 is the weight of MP mixed with soil samples.

Using equation (3), the microplastic recovery rate was evaluated in two steps: 1) after the density
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separation with distilled water and a sodium chloride solution (DW + S1), and ii) after the

density separation with a zinc chloride solution (S2).

2.5 Identification and quantification of microplastics

The microplastics were characterized and identified using optical microscopy and Fourier
transform infrared spectroscopy (FTIR) in two stages: i) before mixing with the soil samples, and ii)
after the extraction method. The morphological characteristics of the particle surface and the size
distribution of the MP were assessed using a Nikon Eclipse Ni 10X optical microscope and Imagin
software version 4.6.0. Particles identified as potential plastics were identified using a Shimadzu
IRAffinity 1S spectrometer. Measurements were made using the Attenuated Total Reflectance (ATR)
method and spectra were recorded in the spectral range 400-4000 cm™ with a scan rate of 16 and a
spectral resolution of 4 cm™. The spectra were processed using OriginPro 2023b software (OriginLab
Corporation, Northampton, Massachusetts, EUA), which allowed the spectra obtained to be compared
with a polymer reference database. The identification was considered valid if the spectral match was at

least 70%.

2.6  Application of microplastics extraction method in raw agricultural soils

The extraction method was evaluated on raw samples of the soils collected previously,
by performing the same procedure outlined earlier, without the pre-treatment heat step pre-
treatment in the soil and the addition of MP. For each sample tested, the quantification of the
number of particles of MP was performed, accompanied by characterizing and quantifying the
extracted polymers. The abundance of MP was recorded as pieces kg™ of dry soil by counting
the pieces of MP in the total area of the filter. The shape was classified as fragments (hard
angular pieces), granules (circular or semicircular particles), fibers (elongated filaments), and
films (soft, transparent flakes). In addition, the longest part of the particle length was measured

and recorded in microns (um) (52,53).

2.7 Statistical analyses

To assess potential disparities in the soil digestion process with the alkaline solution in
the SOM content measured by the loss-on-ignition method in the soils, the differences between
the studied polymers in the recovery rate of MP, and the differences in the quantity of MP

particles.
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The normality of the variables under study was verified using the Shapiro-Wilk test, the
analysis of variance (ANOVA) was performed between treatments, and the Tukey test assessed
the differences of means at a significance level of 5%. The data were transformed using the
Box-Cox transformation. Statistical analyses and models were conducted using R Software (R

Core Team, 2022) version 4.2.2 (44), using the Tidyverse and ggplot2 libraries.

3 Results and Discussion

3.1 Efficiency of Digestion Method for Organic Matter Removal in Soil Samples

The formation of aggregates in soil occurs when soil particles combine with different
compounds and soil organic matter (SOM) (45,46). Recent studies have shown that
microplastics combine with soil aggregates, including SOM (47), interfering with the extraction
and identification of MP. Therefore, it is necessary to remove organic matter from soil samples
without damaging the MP (48,49). The SOM content of samples without undergoing the
digestion process, using the Loss on Ignition (LOI) method, was 17.9% for ferralsols, 22.5%
for nitisols, 45.0% for gleysol, and 9.2% for cambisol. Similarly, the SOM content was
determined in soil samples subjected to digestion. Consequently, on average, the SOM removal,
expressed as percentages, were as follows: 70.9 = 2.9% for ferralsol soil, 82.7 + 17.9% for
nitisols soil, 89.6 + 1.3% for gleysol soil, and 46.7 + 2.8% for cambisol (Figure 2). Statistical
analysis shows a significant difference between the rate of organic matter removal in the four
types of soil (p <0.05). All estimates show a coefficient of variation of less than 23%.

According to these results, it is observed that the cambisol sample had the lowest SOM
value, while the gleysol soil had the highest. This last result was expected, since, due to its
redoximorphic characteristics (50), the gleysol soil type accumulates a large amount of SOM,
thus confirming the higher removal content found. When comparing the rate at which SOM
was removed from the gleysol, ferralsol, and nitisols samples, it is observed that the removal
rate was lower in the latter two. This can be explained by the higher abundance of micro-
aggregates in the ferralsol and nitisols soil types compared to the gleysol soil (50). These
microaggregates in soil could hinder the SOM from the samples. On the other hand, the
efficiency of SOM removal is also influenced by the organic matter content present in the soil
samples. The soil samples with the lower SOM content (e.g., cambisol) exhibit a
correspondingly diminished rate of SOM removal. Radford et al. (40) observed that samples

with low organic content displayed variations in the quantity of SOM removed depending on
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the employed digestion methods. In contrast, samples characterized by high SOM content did
not exhibit notable differences in the amount of SOM removed under various treatments,
including alkaline digestion. The alkaline digestion preserves the integrity of MP analysis in

soil, unlike acid digestion (51) as will be elucidated later.
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Figure 2. The recovery rate of organic matter from the soil samples after the digestion process,
LVA: Ferralsols; NX: Nitisols; GM: Gleysols; CX: Cambisols.

3.2  Characterization of the microplastics before and after the extraction method

As previously mentioned, microplastics were created in the laboratory and sorted by
size before being grouped for soil incorporation. Optical microscopy was employed to assess
the size distribution of microplastics within each group (52,53), while FTIR spectroscopy was
utilized for their characterization before soil insertion (54). The findings revealed that
microplastics ranging from 105 to 1000 um constituted 91.9% of Group 1, 81.5% of Group 2,
and 89.4% of Group 3. Microplastics sized between 1000 and 2000 um accounted for 6.8% in
Group 1, 9.6% in Group 2, and 2.9% in Group 3. Samples from Groups 2 and 3 contained
particles that were smaller than 105 pm. This was expected because PVC powder typically



32

includes particles below 100 pum (8), which can pass through the sieve used in this study. Figure
3 illustrates the optical microscopic image of two samples of MP in different shapes and sizes,

and the spectra recorded using FTIR.
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Figure 3. FTIR spectra and images of optical microscopy of PVC (a) and LDPE (b)
microplastics created for experimental procedures.

In Figure 3(a), the characteristic FTIR bands of PVC are presented. The bands between
2958 and 2890 cm ™! correspond to different stretching vibration modes of the CH and CH»
bonds. At 1426 cm!, it is observed the —CH»-deformation vibrations (wagging of the
methylene groups) (55). The 1254 and 1330 cm™! bands correspond to C-H rocking
deformation and C—H deformation of CHCI, respectively. The 1095 cm™! band relates to C—C
stretching vibrations, while the 959 cm™! band is assigned to trans-CH wagging vibrations. The
stretching vibration of the -C—Cl bond is associated with the 834 cm ™! band. Finally, the 610
and 695 cm™! bands are attributed to the stretching of the C—Cl bond. FTIR spectrum for LDPE
microplastics is presented in Figure 3(b), where the characteristic LDPE bands can be readily
identified. Specifically, the spectrum reveals the 2915 and 2848 cm ™! bands corresponding to
the asymmetric and symmetric C—H stretch of the methylene groups (CH»), respectively.
Additionally, the 1454 and 720 cm™ bands can be attributed to the scissoring and rocking
vibrations of the methylene groups (54,56).

After the extraction, a total of 191 microplastic particles were analyzed using optical

microscopy, and their sizes were determined by calculating the maximum Feret diameter. Figure
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4 shows the frequency distribution graph of microplastics recovered by size in the different

soils studied.
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Figure 4 Frequency of recovered MP in the soil types as a function of their size distribution.
LVA: Ferralsols; NX: Nitisols; GM: Gleysols; CX: Cambisols.

These results show that the microplastic particles recovered from all soil types ranged
mostly from 105 to 1000 um, with a small number detected between 1000 and 2000 um (Figure.
4), similar to the sizes of microplastics observed before extraction. However, the proportion of
MP removed by size distribution changes depending on soil type. The method utilized in this
study demonstrates limited efficiency in extracting microplastics larger than 800 um across all
soil types, particularly in cambisols soils. These results suggest that MP of this size range were
easily trapped in the soil, probably due to various factors involved in the separation process,
including centrifugation time and speed. Similar results were observed by authors (4), which
reported that the recovery of certain plastic particles may be hindered during centrifugation.
During soil decantation, some plastic particles would be prevented from floating, thus reducing

their recovery. Another hypothesis is related to the granular form of the PVC powder particles,
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which could not be completely separated from the fine soil particles during the isolation

process, especially in clayey soils such as those studied in cambisols, nitisols, and ferralsols

(Table 1). A similar situation was reported by author (57).
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Figure 5. Images of the microplastics observed by optical microscopy: LDPE fragment shapes
(a), PVC granule shapes (b), the spectrum of MP of LDPE: PVC mixture of Fourier Transform
Infrared Spectroscopy (FTIR) (c) in different agricultural soil samples Ferralsols (LVA),
Nitisols (NX), Gleysols (GM), and Cambisols (CX).

According to the FTIR results (Figure 5), after the separation density, the FTIR spectra

did not show significant deviations from the initial spectra, making the identification of the

polymer possible. This means that the characteristic band polymers kept their intensity allowing

their identification after their extraction step.
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3.3  Recovery efficiency of microplastics through extraction method

Figure 6 shows the recovery rates for microplastics extracted in two steps with distilled
water and sodium chloride and with the zinc chloride solution. It also shows the total
microplastic recovery rates for all soil samples. The results show a significant difference in the
recovery rates of LDPE compared to PVC MP (Figure 6) when using the density separation
method with DW and S1 solution across all soil types.

Specifically, the DW+SI1 solution recovered over 50% of the mass of LDPE
microplastics, whereas only about 25% of PVC was recovered. The average recovery rates of
MP in LDPE: PVC/soil samples using DW and S1 solutions varied between different soil types.
Specifically, the rates were 28.2% for ferralsols soil, 55.0% for NX soil, 43.9% for gleysols
soil, and 47.9% for cambisols soil. In all cases, the recovery rates of MP were lower than those
obtained from LDPE/soil and PVC/soil samples. Therefore, the separation method using a

saturated NaCl solution did not result in high recovery rates of MP.
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Figure 6. The recovery rate of microplastics was investigated using saturated solutions of
distilled water and sodium chloride (DW + S1), as well as zinc chloride (S2), in four distinct
soil types (Ferralsols, Nitisols, Gleysols, and Cambisols) and two different polymer types: low-
density polyethylene (LDPE) and polyvinyl chloride (PVC). Different lowercase letters indicate
significant differences between the type of saturated and total solutions at a significance level
of P <0.05 using Tukey's test.

The NaCl-saturated solution is commonly used to extract low-density MP, such as
LDPE, from different environments because of its low cost and environmental benefits (25).
However, our findings indicate that it is not effective when used in soils with high clay content,
which is the case with our samples (Table 1). Quinn et al. (58) reported a similar situation in
which they tested water and NaCl for extracting microplastics from PVC and PET polymers in
sediment-type soil samples, obtaining a recovery rate of less than 60% particularly for sizes
between 800 and 1000 um. Andrei Kononov et al. (23), obtained low recovery rates of LDPE,
reporting a rate of around 66% for particles smaller than 1 mm in agricultural soil, especially

clay loam soil while using a saturated NaCl solution (59). According to the literature (40), the
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extraction of microplastics with sizes ranging from 0.25 to 1 mm from clayey soils depends
mainly on the time process of density separation. This is because the clay content makes it
difficult to separate the microplastics that adhere to it. In the case of our samples, the time used
to mix the microplastics in the soil was probably not enough to separate the microplastics,
allowing their flotation.

The results indicated that after using the S2 solution for extraction, the recovery rate of
microplastics (MP) in the soil and low-density polyethylene (LDPE) samples ranged from
81.0% to 99.0%. In contrast, the recovery rate in the soil and polyvinyl chloride (PVC) samples
ranged from 59.7% to 75.2%. Notably, a high recovery rate was achieved for low-density
microplastics, while the extraction of PVC from all soil types yielded lower recovery rates.

The substantial challenge encountered in extracting PVC microplastics from the soil,
particularly those smaller than 300um, is worth noting, as emphasized in previous studies (58).
Our observations underscored this difficulty, particularly evident in PVC/cambisols soil. This
soil type's propensity for compaction increases soil density, posing hurdles in extracting smaller
and denser microplastics, which tend to adhere to soil particles.

Finally, the study findings reveal that the average recovery rates of MP in soil/LDPE and
Soil/PVC: LDPE samples were 89.6% + 11.9% and 86.4% + 8.4%, respectively. However, the
average recovery rate for PVC polymers was 66.0% + 22.9%.

3.4  Testing the recovery of microplastics from raw agricultural soils

The method of digestion of organic matter and density separation described above was
used to analyze MP in raw agricultural soil samples ferralsols, NX, gleysols, and cambisols.
This procedure enabled the determination of MP abundance per unit mass of soil. The values
found in the soil samples were 2,517.5 + 481 pieces kg'!, 2,245 + 501 pieces kg, 3,867.5 +
1120 pieces kg'!, and 1,725 + 95 pieces kg™!, for the ferralsols, nitisols, gleysols, and cambisols
samples, respectively (Figure 7¢). The ferralsols, nitisols, and gleysols samples exhibit a higher
abundance of microplastics in the soil. These soils stem from an area characterized by intensive
agricultural practices, including semi-annual crops such as rice, soybeans, and beans. In
contrast, the cambisols samples, which demonstrate a lower presence of MP in the soil, pertain
to an area predominantly occupied by perennial olive trees, thus experiencing minimal
agricultural activity. Consequently, the reduced occurrence of microplastics in the cambisols
samples can be attributed to their land use, as this soil remains unaffected by major sources of

soil microplastics, such as biosolids, organic fertilizers, mulch, and atmospheric deposition
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(31,60). For instance, Leitdo et al. (61) conducted a study on soil microplastics in Coimbra,
Portugal, comparing sites with and without agricultural use. They reported an average of 104 x
10° pieces kg™! microplastics in agricultural soils, while forested sites exhibited a lower average
of 55 x 10° pieces kg™!, higher than those reported in this study. In contrast, Bhavsar et al. (13)
reported that the abundance of MP ranged from 21 to 210 particles per 100 g of dry soil sample,
collected from critical MP pollution areas in Surat in Gujarat, India; these MP concentrations
are close to those found in this study.

Moreover, agricultural soils are susceptible to erosion, facilitating the transport of
microplastics through surface runoff (62). Consequently, soils at lower elevations tend to
accumulate a higher abundance of microplastics. In the case of our samples, the gleysols,
nitisols, and ferralsols soils are regions with slopes ranging from 3 to 8%, whereas the cambisols
soil features a steeper slope, ranging from 20 to 45%. This difference in topography suggests
that the lower-altitude location of gleysols soils enables them to receive microplastics through

surface runoff, leading to a greater accumulation of microplastics in these areas (63)
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Figure 7. Microplastics distribution in samples collected: shape distribution (a); size
distribution (b); and mean abundance of microplastics and standard deviation bar (item kg soil
dry) (¢), in different agricultural soil samples Ferralsols (LVA), Nitisols (NX), Gleysols (GM),
and Cambisols (CX). Different letters indicate significant differences at P < 0.05).

The abundance of microplastics found in soil samples differs from those reported in
other surveys carried out on agricultural soils. For instance, on Hainan Island in China, the
concentration of MP in the study area ranged from 2.8 x10° to 82.5x10° particles kg!, with an
average concentration of 15.461x10° particles kg!, and sizes between 20 and 200 pm (64).
Thirty-two soil samples were collected from four agricultural farms in Bangladesh, and their
mean microplastic concentration was found to be 21.3 x 103 particles kg™!, the size range of
microplastics was between 1.0 and 1.5 mm. (65) In a typical agricultural township near the
southeast coast of China, the concentration of MP ranged from 70.2 to 851.3 particles kg™!, with

an average of 314 particles kg™ in coastal plain soils (66).
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Although the abundance of microplastics in Brazilian agricultural soils hasn't been
reported yet, it has already been reported the abundance of MP in mangroves (67). According
to a study by da Silva et al. (68) there was a remarkable presence of microplastics in six
Brazilian mangrove soils, registering a value of 10.782 x10° particles kg™! (max. = 31.087x10°
particles kg™!), the main microplastics being fibers with a dominant size between 150 and 200
um. These results, which are higher than those of the present study, highlight the need for
further research into the identification of microplastics and their distribution in different
environments.

The average size of MP particles found in agricultural soils exhibits variability based on
their shape (Figure 7). The majority of particles have a size of less than 300 um, while only
fibers have an average size of 750 um. Wang et al. (70) reported that the highest proportion of
MP, around 54.29% of the total pieces in all soils, had a size of less than 200 pm. A similar
situation was reported by Yu et al. (71) where MP with a size less than 500 um in agricultural
soils, specifically in a layer between 10 to 25 cm depth, indicates that smaller MP tend to
migrate to deeper layers of the soil. Yu et al. (71) noted that the predominant forms of MP were
fragments (46.3%) and films (25.4%), similar proportions to those identified in this research.

These MP characterized here were clearly influenced by soil class and landscape
position, rising opportunities for investigating diffuse pollution, and the development of
environmental tracer studies (42,72-75)

The MP was further characterized under the microscope by measuring the size and shape
of the particles. Figure 7(a) shows the percentage distribution of the different forms (fragment,
film, fiber, and granule) in the four soil samples collected (ferralsols, nitisols, gleysols, and
cambisols). Fragments were the form with the highest percentage of occurrence in all the soils,
followed by granules > films > fibers. In general, the predominant form was a fragment, and,
in particular, in the cambisols and nitisols soil samples there were no particles in the form of
fibers. According to Figure 7(b), the MP in the shape of granules have an average size of 167.8
+ 55.7 um, in the shape of fibers, 759.4 + 469 um, in the shape of films, 214.2 + 140 um, and
in the shape of fragments, 268.8 + 215.8 um. The fiber-shaped particles showed the greatest

variation in size compared to the other shapes.

4 Conclusions

In this study, it was proposed a methodology for the extraction, characterization, and

identification of two microplastics (PVC and LDPE), and their testing in four Brazilian tropical
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agricultural soils. The procedure encompassed four key steps: (i) removal of organic matter; (ii)
density-based separation; (iii) identification; and (iv) characterization of microplastics. The
recovery efficiency exceeded 88% for LDPE and 66% for PVC. Remarkably, the ZnCl
extraction solution proved to be highly effective in recovering denser microplastics.

This methodology ensured an optimal extraction and characterization of MP in the four
types of soils studied, the method used to extract MP from agricultural soils allowed finding
significant differences between soil samples, highlighting the GM sample with a notably higher
abundance of MP compared to nitisols and cambisols. The findings mentioned above emphasize
the significance of comprehending the distribution and features of microplastics in agricultural
areas. These tiny plastic particles can have a significant impact on soil health and the
environment as a whole. The results further suggest the requirement for additional research and

the creation of effective strategies to alleviate this environmental pollution problem.
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FTIR: fourier transform infrared spectroscopy

LOLI: loss-on-ignition method
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PAPER 2 — PLASTIC DEBRIS IN AGROECOSYSTEMS: DISTRIBUTION AND
ABUNDANCE PATTERNS, AND RELATIONSHIP  WITH TERRAIN
CHARACTERISTICS IN SOUTHEASTERN BRAZIL

ABSTRACT

Plastic pollution in agricultural soil is a major concern, affecting soil biodiversity and
functionality. In this context, studies on agricultural soil plastic pollution that consider its use
across different regions are essential. This study aimed to identify, quantify, and characterize
plastic debris in various agroecosystems within a Southeast Brazil sub-basin, considering land
use. Additionally, the sampled plastic debris was georeferenced, allowing its characteristics to
be correlated with terrain features such as the LS factor and vegetation cover. Based on size,
the plastic debris was categorized into macroplastics, mesoplastics, and coarse microplastics.
The results revealed that agricultural areas accounted for 91.2% of the total plastic waste
collected. The most common polymer types identified were polypropylene, polyethylene, and
polyvinyl chloride, comprising 82.6% of the total. The accumulation of plastic debris in this
region was primarily linked to intensive human activity and agricultural practices. Moreover,
its distribution strongly correlated with terrain characteristics, particularly the LS factor and
vegetation cover, with higher concentrations observed in smooth and moderately undulating
terrain. These findings highlight the importance of monitoring plastic debris in the basin’s
terrain and identifying pollution sources to provide valuable insights for mitigating its

environmental impact.

KEYWORDS: Diffuse pollution, Land use, polymers, spatial distribution



49

1. INTRODUCTION

Plastic products are extensively used in the agricultural sector due to their advantageous
properties, such as durability, versatility, mechanical resistance, and low cost (1-3). These
materials serve multiple purposes, including use as cover films, fertilizer and seed bags,
irrigation pipes, pesticide containers, and protective netting, among others (4-6). While the
utility of plastics in agriculture is undeniable, the increasing improper disposal of plastic
products has led to significant socio-environmental impacts, including contamination that
affects the food chain (7,8) and degrades soil quality (9).

Plastic pollution, resulting from waste of various sizes, has been extensively studied due
to its significant impact on ecosystems (8—10). Once released into the environment, plastic
debris is subjected to multiple degradation processes driven by factors such as moisture,
oxygen, heat, radiation, light, and mechanical stress, leading to its progressive fragmentation
into smaller particles (11,12). Research confirms the presence of plastic particles in various
ecosystems (13,14). It has also been shown that the contaminating potential of these particles
in biotic and abiotic environments is directly related to their size (15,16). For example, studies
have shown that macroplastics in agricultural soils can reduce their bulk density, reduce
macropores, and alter the distribution of water in the soil. On the other hand, microplastics can
affect the growth and survival rate of soil organisms, thus altering soil functionality (17).

Plastic debris is classified by size into macroplastics (MaP, >25 mm), mesoplastics
(MeP, 5-25 mm), microplastics (MP, 1 pm—5 mm), nanoplastics (NPs, <1 um, typically 1—-
1000 nm) (17,18), and coarse microplastics (CMP, 2—5 mm), a subclass of MP (19-21). Plastic
waste in agricultural soils comes from plastic mulch, input packaging, pesticides, organic
fertilizers, rural household waste, sludge landfill, composting, wastewater irrigation, road
runoff, and atmospheric deposition (11,22,23). The accumulation of such debris poses a
growing threat to agroecosystems, with the degradation of macroplastics being a primary source
of microplastics (6-8,24,25).

The fragmentation and degradation of plastics are influenced by factors including
polymer type, debris thickness, and soil organisms (17,26). Common agricultural polymers
include polyethylene (PE), low-density polyethylene (LDPE), high-density polyethylene
(HDPE), polypropylene (PP), polystyrene (PS) and polyvinyl chloride (PVC). These polymers,
composed of carbon-carbon chains, degrade through chain cleavage processes, with

degradation times varying by polymer type (14,27).
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Studies conducted worldwide have explored the abundance, distribution, polymer
composition, shape, size, and migration of plastic debris in agricultural soils (26,28-31). On
the other hand, the accumulation of plastic particles in agricultural soils depends on several
factors, including soil type and use, vegetation cover (32), and climatic factors associated with
its geographical location. Considering the geographical location, plastic debris could easily
migrate to surrounding ecosystems, reaching seas and oceans or traveling along large river
basins, causing far-reaching impacts. According to Cai et al. (33) humid tropical agricultural
soils in China exhibited higher plastic debris accumulation due to the influence of regional
climate (9,11,33). Climatic factors such as temperature and altitude also affect plastic debris
accumulation in agricultural soils (33).

Despite existing studies, several factors linking agricultural soils to plastic debris remain
unexplored, including the role of vegetation as a plastic sink, the influence of soil preparation
and management, and the dynamics of particle size in agricultural soils.

This study aims to quantify and characterize the abundance, mass, and polymer
composition of plastic debris in tropical agricultural soils, particularly in identifying the types
and sources of contamination. Additionally, the study aims to analyze the spatial distribution
of plastic debris and relate its characteristics (quantity, mass, area, diameter, and perimeter) to
the topographic features of the terrain, such as slope, LS factor, and vegetation cover, to identify
patterns and potential critical accumulation points. It is important to emphasize that the study
area exhibits similar characteristics to those of other regions of Brazil and can serve as a
reference for designing effective strategies for plastic pollution prevention and control,
promoting sustainable agricultural development.

It is also important to emphasize that this is the first study to investigate characteristics,
abundance, types, and spatial distribution of plastic debris (MaP, MeP, and CMP) in agricultural
soils within a reference river basin in southeastern Minas Gerais. The study area encompasses
forests, grasslands, and agricultural lands where activities such as soil preparation, fertilization,
irrigation, and harvesting take place. These activities serve as a basis for understanding plastic

waste pollution in tropical soils.

2. MATERIALS AND METHODS
2.1.  Site description
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The study area was the Muquém Experimental Farm of the Federal University of Lavras
(UFLA), located in a sub-basin of the Rio Grande in southeastern Brazil. The farm covers an
area of approximately 165 hectares of diversified land including forest, grassland, and
agriculture (Figure. 1). The sub-basin is part of the Atlantic Plateau geomorphological unit,
specifically on the surface of the Upper Rio Grande, a tributary of the Parana River, located in
the municipality of Lavras, Minas Gerais. It is between latitude -21°12'037"S and longitude -
44°59'3.77"W, WGS 84 UTM 23S.

Legend

Sample collected Q Farm Muguém 4 Lavras -MG Q;r‘ Brazil
@ With plastic

@ Without plastic

Figure 1. Map of the study area and geographic location of sampled points with and without
plastic debris at sub-basin from Muquém farm, municipality of Lavras, Brazil.

The climate of the region is classified as Cwa, temperate rainy (mesothermal) according
to the Koppen climate system, with a dry winter and subtropical rainy summer, with an average
annual rainfall of 1,383.4 mm, concentrated in the summer, from October to February (34,35).
According to the Meteorological Service in Brazil (INMET) database, the prevailing winds are
easterly from March to September and northeasterly from November to February, with average
wind speeds of 2.16 m s™' and 1.64 m s™!, respectively (36).

According to the international classification (37), the soil orders present in the study area

correspond to Inceptisols (CX), which occupy 18.84 ha (11,41% of the area), Entisols Aquepts
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(GM), which occupy 1.92 ha (1.16% of the area), Oxisols (LVA) occupy 63.60 ha (38.50%),
Alfisols (NX) 8.30 ha (5.02%), Ultisols (PVA) 58.07 ha (35.15% of the area) and Lithic
Orthents (RL) 14.48 ha, representing 8.76% of the total area of the farm.

The sub-basin has a minimum elevation of 877 m and a maximum of 1040 m, with
varying landforms and slopes. Its landforms was classified according to Silva et al. (38) as: flat
(< 3%), gently undulating (3 - 8%), undulating (8 - 20%), strongly (20 - 45%), mountainous
(45 - 75%), corresponding to 2.7%, 17.8%, 58.8%, 20.1% and 0.6% of the total area of the
farm, respectively (Figure 2b).

Land use on the farm was classified into three types (38). The first was agricultural use,
with annual crops representing 29.15% of the agricultural land, with maize (Zea mays), soybean
(Glycine max (L.) Merrill), wheat (Triticum aestivum L.), beans (Phaseolus vulgaris), sorghum
(Sorghum bicolor L.), and rice (Oriza sativa L.), as well as perennial crops (0.91% of the area),
coffee (Coffea arabica), eucalyptus (Eucalyptus sp.) and, to a lesser extent, other forest species.
This is followed by grassland (mainly Poaceae species), with 39.33% cultivated grassland and

4.69% native grassland, and then forest, with 24.39% of the farm area.

(a)

Type Soil

NDVI
=0,00 [ ]
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Figure 2. Map showing soil types (a), slope classes (b), LS factor map (c), and NDVI map (d)
of the Muquém farm. Note: reliefs associated with their respective slopes, namely: flat (< 3%),
slightly undulating (3 - 8%), undulating (8 - 20%), strongly (20 - 45%), and mountainus (45 -
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75%). To Oxisols (LVA), Cambisols (CX), Ultisols (PVA), Alfisols (NX), Lithic Orthents
(RL), and Entisols (GM).

2.2 Sampling of study materials

Plastic debris was collected between August 2022 and April 2023. First, the study area
was surveyed, and sampling points were georeferenced. The surrounding vegetation, land use,
and altitude were determined. Georeferencing was carried out using a Garmin Oregon 750
Global Positioning System (GPS) with an accuracy of 3 m, using a regular grid of 125 m x 125
m resolution. A total of 91 points were georeferenced, corresponding to a sampling density of
1.77 samples per hectare.

At each sampling point, the soil surface was visually inspected for plastic debris, which
was collected within an area of approximately 19.63 m? per point. The samples were collected,
stored and identified by mesh point, and transported to the laboratory for further analysis.

To determine the topographic characteristics of the study area, such as the topographic
length and slope factor (LS factor) and the normalized difference vegetation index (NDVI),
secondary geomorphometric information from the TOPODATA database of the National Space
Research Institute (INPE) and maps from the CBERS 4 satellite in October 2022 were used.

The LS factor was determined using the tool SAGA-GIS, "LS-Factor, Field-Based". The
NDVI and LS factor values were extracted using the Point Sampling Tool plugin available in
the QGis software (39). Figures 2¢ and 2d show the map of the LS factor and vegetation index
(NDVI).

2.3  Classification, characterization, and identification of plastic debris

The plastic debris collected at each sampling point was classified according to its mass,
dimensions (length, perimeter, and area), and polymer type. The classification of plastic debris
was also carried out considering land use. To follow, the collected plastic particles were first
physically shaken and washed with distilled water to remove the remnants of soil and non-
plastic materials adhering to their surface. They were then air-dried and stored in steel
containers.

Each piece of plastic debris was then photographed using a high-resolution digital
camera (Cannon EOS 60D). The digital images obtained were analyzed using ImageJ software,
(40). The photographs of the debris, together with the scale of a caliper (= 0.5 mm), helped to

determine the pixel of the digital image and hence the dimensions of the debris. Based on these
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measurements, plastic debris was classified as macroplastics (MaP) for particles > 25,000 um,
mesoplastics (MeP) for particles between 5,000 and 25,000 pm, and coarse microplastics
(CMP) for particles between 2,000 and 5,000 um.

To calculate the mass and abundance of plastic debris per sampling point, equations 1
and 2 were used, respectively. These values were then extrapolated to hectares using a

conversion factor (f1).

k Wi
Mass [ﬁ] =< X fi (D)
Abundance [pizzes] = % X fi 2)

Where Wi (g) is the total mass of plastic debris, S (m?) is the surface area of the sampling
point (approximately 19.63 m?), Ni is the number of plastic particles per sampling point and f1
is the conversion factor to hectare. The data from equations (1) and (2) were recorded in a
georeferenced database using QGIS software.

Raman spectroscopy was used to identify the type of polymer present in the plastic
debris, collected at each point. Raman spectra were obtained at room temperature using a
confocal Raman microscope (Alpha300 from Witec, Germany) with a 785 nm excitation laser
and a 50x magnification objective. Depending on the sample analyzed, the laser power varied
from 2 to 15 watts, the integration time from 1.0 to 2.0 s, and the accumulations from 20 to 30
cycles. All measurements were performed in the spectral range 300 - 3500 cm™'. The Raman
spectra were plotted using OriginPro 2024b software (41). Raman spectroscopy analysis was
conducted by comparing the samples’ Raman spectra with the Raman spectra of polymers of
reference obtained from the literature. Thus, the march in the positions and intensities of the
bands between the sample spectra and the reference spectra enabled the identification of the
polymer type with high confidence. From this analysis, the identified Raman spectra
corresponded to polypropylene (PP), polyethylene (PE), polyvinyl chloride (PVC),
polyethylene terephthalate (PET), polystyrene (PS), polyamide (PA), rubber, and acrylic.

24 Statistical Data Analysis

The data analysis aimed to test whether there was a difference in the abundance, mass,

and geometric dimensions of plastic debris depending on the land use in the study area. To
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achieve this, the distributions of the groups were compared using the Kruskal-Wallis test, which
was suitable for data that did not follow a normal distribution. Dunn's test was then applied to
perform multiple comparisons between group medians. Results were considered statistically
significant if the P-value was less than 0.05. Point distribution maps of the abundance (pieces
ha™) and mass (kg ha™") of plastic debris per sampling site were generated using QGIS software
(39).

In addition, a multiple factor analysis (MFA) was performed (42,43), which explores the
relationship between the topography variables (slope and LS factor) and the NDVI index with
the abundance and size variables of plastic debris collected on the soil surface. Three databases
corresponding to four slope bands, seven LS factor bands, and seven NDVI index bands were
constructed to perform the MFA (Tables S1, S2, and S3).

In each table band, the average of two groups was recorded: the first called 'abundance’,
which includes the quantity and mass of plastic debris; and the second called 'dimensions', made
up of the area, diameter, and perimeter of the plastic debris. Statistical analysis and MFA in

software R (44) using the MVar.pt library (43).

3 RESULTS

3.1  Abundance and point distribution of plastic debris in the study area

The spatial distribution of plastic debris abundance (Figure 3a) and mass (Figure 3b) in
the study area was analyzed based on land use. Out of 91 georeferenced sampling points on
Muquém Farm, plastic debris was found at 56.52% of the points, with 44.56% in agricultural
areas, 6.52% in forested areas, and 5.44% in grasslands. Conversely, no plastic debris was
detected at 43.48% of the points, distributed as follows: 22.83% in forested areas, 15.22% in
grasslands, and 5.43% in agricultural land. These results highlight the predominance of plastic
debris in agricultural zones.

The abundance of plastic debris, estimated per soil area, ranged from 0.509 x103 pieces
ha! to 104 x10° pieces ha'. In the distribution map (Figure 3a), the litter abundance was
described according to the model proposed by Liu et al. (45) and Weber et al. (46). Very high
represents abundance values greater than 80 x10° pieces ha™!, high represents values between
25 x10° and 80 x103 pieces ha™!, medium represents values between 15 x103 and 25 x10° pieces
ha'!, low represents values between 3 x10° and 15 x10* pieces ha! and very low represents

values less than 3 x10° pieces ha™..
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Figure 3. Map of the studio area showing the spatial distribution of the abundance (a) and mass (b) of
plastic debris associated with land use.

The map of plastic debris mass distribution by soil area followed the same logic as
above. Where the category very high represents mass values greater than 90 kg ha!, high
represents values between 20 and 90 kg ha™!, medium represents values between 5 and 20 kg
ha'!, low represents values between 1 and 5 kg ha! and very low represents values less than 1
kg hal,

The cumulative abundance of plastic debris was dependent on the sites sampled (Figure
4a). The MaP and MeP plastic debris size classes were the most representative of the three land
uses studied. When analyzing the total plastic debris by size, it was observed that the
agricultural area had the highest average percentage of MaP, while the grassland and forest
areas had the highest percentage of MeP. On the other hand, CMP was found in smaller
quantities in all sampled areas compared to debris of other sizes (Figure 4a).

The mean abundance of plastic debris (Figure 4b) was 4.25 x 10 pieces ha!, 4.89 x 103
pieces ha™!, and 12.80 x 10° pieces ha! as observed for the forest, grassland, and agriculture

areas respectively.
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The spatial distribution of the mass of plastic debris on the soil surface at each sampled
site varied from 0.039 kg ha™ to 405 kg ha'! (Figure 3b). The total average as a function of land
use was 83.60 kg ha™! for forest, 10.18 kg ha™! for grassland, and 12.05 kg ha™! for agriculture
(Figure 4c). There were no significant differences between the mean abundance and mass of

plastic detritus for the three investigated land uses (forest, grassland, and agricultural land).
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Figure 4. Cumulative percentage abundance of macroplastics (MaP), mesoplastics (MeP), and
coarse microplastics (CMP) (a), Boxplot of abundance (b), and mass (c) of plastic debris
collected about land use. The diagrams show extreme values (whiskers), the first and third
quartiles (the bottom and top of the boxes, respectively), and the median value (the line inside
the boxes with the black number next to the line). The average of the data is represented by the
numbers in red.

3.2  Dimensions of plastic debris in the agricultural sub-basin

A total of 1123 pieces of plastic debris were collected from 52 points, representing a

total abundance of 572.08 x10° pieces ha!. Table 1 shows the abundance of plastic debris
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classified by land use and debris size. The results show that 4.45% of the plastic debris was
found in the forest area, 4.36% in the grassland area, and 91.2% in the agricultural area.

This indicates that the agricultural area has the highest concentration of debris on the
soil surface. Specifically, in the agriculture area, MaP represented 44.6%, MeP 37.0%, and
CMP 9.6% of the debris. In the grassland area MaP, MeP, and CMP made up 1.3%, 2.7%, and
0.4% of the debris, respectively. In the forest area, these values were 1.7% for MaP, 2.0% for
MeP, and 0.7% for CMP (Table 1).

Table 1. Land use, size class of plastic debris (S), total abundance (n), and geometric
dimensions of plastic debris. (Median and interquartile range (IQR)).

FQR Area Length Perimeter
" (cm?) (cm) (cm)
Land use S (pieces ha
D! median iqr median iqr median iqr
MaP 9.68 1,69 42991  354.890 15.676  30.594 67.252  91.708
Forest MeP 11.72 2.05 0.251 0.531 0.778 0.557 2.215 2.191
CMP 4.08 0.71 0.084 0.025 0.441 0.082 1.316 0.357
MaP 7.64 1.34 15.570 42.286 7.360 5.916 28.580  26.095
Grassland ~ MeP 15.28 2.67 0.210 0.160 0.735* 0.528 2.520 1.178
CMP 2,04 0.36 0.043 0.067 0.328 0.234 1.115 0.953
MaP 255.22 44.6 16.170 40.790 8.280 9.655 32.610 38.786
Agriculture  MeP 211.41 36.5 0.210 0.325 1.090%* 0.797 3.160 2.695
CMP 55.02 9.62 0.030 0.030 0.340 0.150 0.865 0.392

Note: Macroplastic (MaP), mesoplastic (MeP), coarse microplastic (CMP). n: Total number of
plastic debris by land use and size class (pieces ha-1). FRQ: fraction corresponding to the size
of plastic debris in a given range out of the total number (1123 samples) * Significant
differences by Dum test at significance level P < 0.05.

The Kruskal-Wallis test showed no significant differences between the area and
perimeter of plastic litter in the three land uses. However, a significant difference was observed
when comparing the litter length values according to the land use sampled (Table 1). The results
showed that the plastic debris with the smallest area, length, and perimeter was found in the
agricultural area, with the smallest values recorded being 0.01 cm?, 0.20 cm, and 0.42 cm,
respectively. On the other hand, the plastic debris with the largest area and length was found in
the forest area, with maximum values of 5076 cm? and 94 cm, respectively.

Figure 5 presents the extrapolated dimensions of plastic debris (area, perimeter, and

length) for each land use on Muquém farm, standardized to 1 hectare. Statistical analysis
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revealed no significant differences in the dimensions of plastic debris among the three land
uses. Plastic debris collected from agricultural land exhibited the largest interquartile ranges for
length (225.31 to 966.94 m ha™') and perimeter (734.38 to 4242.44 m ha™'). In contrast, forest
areas showed the widest interquartile range for the area of plastic debris, varying between 5.89
and 108.97 m? ha™'. Agricultural land had the highest mean values for all dimensions, with an

average area of 27.15 m? ha™', length of 739.92 m ha™!, and perimeter of 2929.43 m ha™".
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Figure 5. Box plots of the distribution of area (a), perimeter (b), and length (c) by land use on
the Muquém farm. The plots show the extreme values (whiskers), the first and third quartiles
(the bottom and top of the boxes, respectively), and the median (the line inside the boxes with
the black number next to the line). The average of the data is represented by the numbers in red.
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3.3 Relationship between the topographic conditions and the vegetation index (NDVI) of

the study area and the abundance and size of the plastic debris.

The quantity, mass, area, diameter, and perimeter of plastic debris varied with land
topography, specifically slope class, LS factor, and NDVI vegetation index. In forest areas,
plastic debris was only found in undulating relief, despite covering all relief types. Grassland
areas, dominated by undulating relief, showed the highest plastic debris accumulation.
Agricultural areas contained plastic debris across all relief types except strongly and
mountainous, which were scarce (Figure 2b).

Overall, 2% of debris was found in strongly terrain, 65% in undulating, 25% in gently
undulating, and 8% in flat terrain. The LS factor ranged from 1.711-4.967 in forests, 2.123—
3.160 in grasslands, and 0.126-2.748 in farmlands. Agricultural areas showed the highest debris
presence and the lowest LS factor, particularly in the 0.126-2.201 range.

NDVI values ranged from 0.071-0.354 in forests, 0.119-0.229 in grasslands, and 0.060—
0.380 in farmlands. Notably, 61% of agricultural sampling points fell within the NDVI range
0f 0.060-0.152 (Figure 2d).

The exploration analysis of these variables was performed using multiple factor analysis
(MFA) (Figure 6), which includes three databases, with slope, LS factor, and NDVI index being
the individuals for each database (Tables S1, S2, and S3, respectively). Five variables are
grouped into two groups, the abundance group contains the variables quantity and mass, and
the dimensions group contains the variables area, diameter, and perimeter of plastic debris.

For the MFA of the slope variable and groups (Figure 6a), two components were derived
that are responsible for explaining 89.91% of the total variation. The first component shows a
variability of 78.53%, with the variables in the dimension group consisting of area, diameter,
and perimeter having a coefficient of 0.956, 0.921, and 0.930, respectively. The second
component showed a variability of 11.38%. This variability was mainly explained by the plastic

debris mass variable, with a coefficient of -0.509.
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Figure 6. Multiple factor analysis (MFA) of the variables (a) slope, (b) LS factor, and (c) NDVI
index as a function of plastic debris abundance and size groups.

For the MFA of the LS factor variable and the groups (Figure 6b), two components were
derived that are responsible for explaining 97.34% of the total variation. The first component
shows a variability of 77.23%, with the variables in the dimension group consisting of area,
diameter, and perimeter having a coefficient of 0.907, 0.941, and 0.921, respectively. The
second component showed a variability of 20.11% explained by the variables in the abundance
group, made up of the quantity and mass of plastic debris, with a coefficient of -0.411 and
0.608, respectively.

For the MFA of the NDVI index variable and the groups (Figure 6¢), two components
were derived that are responsible for explaining 85.74% of the total variation. The first
component shows a variability of 51.68%, where the variables perimeter, diameter, and quantity

have a coefficient of 0.955, 0.923, and 0.907, respectively. The second component showed a
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variability of 34.06% explained by the variables mass and area of plastic debris, with a

coefficient of 0.902 and 0.625, respectively.

34 Spectral composition of the polymers

Raman spectrometry was used to fingerprint each material and identify the type of
polymer in the debris analyzed. From the total of 1,123 pieces of plastic debris collected at the
52 sampling points, 191 groups with very similar characteristics were formed. Representative
samples were selected from each group based on the characteristics of the debris, such as size,
shape, and color. In addition, the history of use in the sampled areas was taken into account,
such as irrigation with water containing plastic, common litter such as plastic bags, debris from
roads or nearby communities, and others.

Spectra were collected from different regions of the surface of each sample analyzed.
The Raman spectra obtained showed baseline deviation and varying signal intensities, so
corrections were made, including noise removal, baseline correction, and normalization.

The results indicated that the primary polymer types identified among the samples
analyzed were PP, PE, PVC, PET, and PA. As shown in Figure 7a, PP and PE were the most
prevalent, accounting for 40.94% and 30.2% of the total polymers, respectively. PVC, PET,
and PA constituted 11.4%, 10.1%, and 4.7%, respectively, while other polymers, including
rubber and acrylic, represented 2.68% of the total. The Raman spectra (Figure 7c) of the most
representative polymers found in the samples analyzed were PP, PE, PVC, and PET. In all

cases, the spectra showed characteristic peaks for each type of polymer.
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Figure 7. Polymer type and percentage distribution (a), number of plastic debris by polymer
type and by land use (n=191) (b), spectrum of polymers by Raman spectroscopy (c), collected
on the soil surface of the study area. PE, polyethylene; PP, polypropylene; PVC, polyvinyl
chloride; PET, polyethylene terephthalate; PS, polystyrene; PA, polyamide.

The Raman spectra corresponding to PP showed a characteristic peak around 841 cm™,
representing the vibrations of its helical molecules. The peak at 1330 cm™ is associated with
the vibration of PP macromolecules in the helical conformation, corresponding to a
superposition of the deformation mode of the C-H bond and the torsion mode of the CH: groups.
The peak at 1435 cm™ can be attributed to the asymmetric bending mode of the -CH3 group,
while the peaks at 1252 and 1170 cm™! are due to the stretching of the C-C structure.

In the Raman spectra of the samples identified as PE, characteristic peaks were observed
in the 1000 - 1500 cm™! and 2800 - 2900 cm™! regions. The peaks with the highest intensity were
located at 1066 cm™, 1298 cm™!, and 1439 cm™'. These peaks are attributed to C-C stretching,
CH2 torsion, and CHz symmetric deformation, respectively. In addition, a peak at 1132 cm™!

corresponding to C-C stretching was observed.
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The PVC samples showed spectra with high-intensity Raman peaks at 640 and 698 cm’
I attributed to stretching vibrations of C-Cl bonds. The peak at 1435 cm™ corresponds to the
angular deformation of the CH, and CH3 groups. Finally, the PET spectrum showed two
dominant peaks located at 1615 cm™ and 1729 cm™. These correspond to the C-C stretching
vibrations of the aromatic ring and the stretching vibrations of the carbonyl groups.

The analysis of polymer identification by Raman spectroscopy revealed that
polypropylene (PP) is the main source of plastic pollution in the sampled areas, regardless of
the type of land use (Figure 7b). In addition, it was observed that agricultural soils accumulate

a greater variety of polymer types compared to the other areas.

4 DISCUSSION

4.1 Land Use Related Plastic Debris

This study revealed the presence of plastic debris of varying sizes and chemical
compositions on the soil surface of a sub-basin in southeastern Brazil. Most of the debris was
concentrated in agricultural areas, while forest and grassland regions showed lower
contamination levels. This pattern highlights the strong influence of anthropogenic activities on
the accumulation of plastic waste, particularly agriculture activities. A similar situation was
described by Parolini et al. (47). Furthermore, it has been reported that low-density polyethylene
(LDPE) and polypropylene (PP) are commonly used in agricultural materials, such as
greenhouse covers, nets, and films (24). Consistently, our study confirmed that PP and
polyethylene (PE) prevailed at the study site, comprising 40.9% and 30.2% of the total debris
analyzed, respectively (Figure 6a) as confirmed by Raman spectroscopy.

As previously mentioned, the Raman spectra of the analyzed plastic debris matched
known polymer spectra in the reference library. These results are consistent with Raman
analyses of plastic debris found in soils across different regions (48—50). However, the spectra
of some samples exhibited bands that shifted toward lower wavenumbers compared to the
reference spectra, as observed in the PP spectrum (Figure 7c). This result suggests that
weathered plastics undergo structural changes related to variations in molecular bond lengths,
as indicated by Phan et al. (48).

Wang et al. (16) reported an abundance of 266.2 x 10* £ 507.9 pieces ha™' of PE plastic
waste used as mulch film in agricultural soils in northwest China. In southeastern Germany,

56% of the plastic debris found in agricultural soils was identified as PE polymers, with an
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average abundance of 206 pieces ha™'. In agricultural soils in central Germany, the predominant
polymers detected were PS, PP, and PE, with a total abundance of 637 pieces ha™' (46). These
findings align with Kawecki and Nowack's (7) study, which highlighted similar trends in
macroplastic and microplastic emissions in agricultural regions of China.

At our experimental site, the average abundance of plastic debris was 12.79 x10° pieces
ha'! in the agricultural area, 4.89 x 10° pieces ha™' in the grassland area, and 4.24 x 10? pieces
ha™! in the forest area (Figure 4b). These results show variations in the abundance of plastic
debris compared to other studies. Such differences can be attributed to several factors, one of
which is the management of plastic materials in soils under agricultural use (51).

The results showed that the highest mass concentration of plastic debris was recorded in
the forest area, averaging 83.50 kg ha™' (Figure 4). This result was expected since no
anthropogenic activities in this region significantly affected the size of the debris. In contrast,
agricultural land exhibited a higher abundance of MaP, MeP, and CMP particles (Table 1),
consistent with Meng et al. (17), who reported that intensive tillage practices accelerate plastic
fragmentation, increasing microplastic (MP) concentrations compared to other land uses (52).

The mass of plastic debris in agricultural soil (12.06 kg-ha™') was lower than values
reported in previous studies. For instance, Wang et al. (16) documented an average of 47.2
kg-ha! for MaP-sized debris, while Meng et al. (17) reported 53.7 kg-ha™ in agricultural soils
of Northwest China. Berenstein et al. (51) found a range of 25 to 31 kg-ha™ in Argentinian
horticultural soils, and Lero et al. (31) recorded an average of 60 kg-ha™' of MaP in the topsoil
of forest islands formed by the Dunajec River in southern Poland. Despite the lower plastic
debris mass in agricultural areas, continuous monitoring and regulatory measures are essential
to mitigate plastic pollution in these environments.

We observed that in forest areas, the type and density influence the accumulation of
plastic debris. Specifically, the highest NDVI values correspond to points with the highest mass
concentration of plastic debris (Figures 2d and 4b). The type and density of vegetation play a
key role in retaining plastic debris within these agroecosystems, preventing its mechanical
fragmentation and transport. Vegetation acts as a physical barrier, limiting the direct exposure
of plastic debris to environmental degradation factors such as UV radiation, wind, water, and
erosion (31,52).

In summary, it is well known that a significant part of the plastic debris in agricultural
soils remains buried as mesoplastics for long periods, and another part will fragment into micro-
and nanoplastics (9,47), further aggravating the contamination of the soil and terrestrial

ecosystem. An interesting macroplastic fragmentation process is explained by Berenstein et al.
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(51). These authors explain that the natural cycles of hydration and dehydration of agricultural
soils play a critical role in the decomposition of macroplastics into mesoplastics, microplastics
and even nanoplastics. These natural processes act as plastic shredders in the environment,
contributing to the formation of particles smaller than 2 mm. (4,7). Therefore, detecting and
identifying plastic debris in agricultural soils is essential to mitigate their growing presence and

environmental impact.

4.2 The relationship of plastic debris to landforms and vegetation

Our findings revealed a correlation between the quantity and mass of plastic debris and
the topography of the land, particularly in gently to moderately rolling terrains. These areas,
which accounted for 76.6% of the total study site, are predominantly associated with
agricultural activities (Figure 6a).

Several studies have explored the relationship between the migration of plastic debris,
ground conditions, vegetation, and human activities. Cao et al. (51) highlight that most plastic
debris tends to accumulate at depths of 0-10 cm, where agricultural activities and soil
disturbance are more prevalent. In sloping terrains, plastic debris often concentrates in
depressions or less steep areas. Similarly, Wang et al. (52) identify the application of organic
fertilizers and sewage sludge on agricultural land as significant sources of plastic debris.
Furthermore, areas with moderate slopes experience slower water runoff, facilitating the
accumulation of plastic waste (53). High concentrations of plastic debris are also strongly linked
to regions with intense anthropogenic activities, particularly agricultural zones (54).

The LS factor ranges between 0.126 - 0.818 and 0.818 - 1.509, located in agricultural
areas, were found to be associated with a higher concentration of plastic debris (Figure 6b). On
gentle slopes, plastic accumulation may be greater due to the reduction in water flow velocity,
which facilitates plastic deposition on the bottom according to Cesarini and Scalici (30). These
observations are consistent with the results of Wang et al. by (55), who indicated that the shorter
length of slopes and the low gradient contribute to an increase in the abundance of plastic debris.

Concerning the NDVI index, the lowest bands, between 0.060-0.105 and 0.105-0.151,
correspond to areas with low vegetation cover (agricultural use), where a greater amount of
low-mass plastic debris was found (Figure 6¢). However, Cesarini et al.(19) describe the
opposite scenario on sloping land with greater vegetation cover, plastic debris retention may be
more efficient, while areas without vegetation and with a slope favor the dispersal of this debris.

However, Figure 6¢ shows that the mass of plastic debris was greater in the higher NDVTI bands,
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between 0.335 and 0.381, which were associated with forest areas, albeit with less debris
(Figures 3a and 3b). In these areas, plastic fragmentation and degradation were less intense due
to less exposure to physical factors and less human disturbance, which explains the presence of
debris with greater mass in regions with higher NDVTI index (56).

As mentioned previously, vegetation cover can act as a natural barrier that traps plastic
debris, limiting its migration by reducing surface runoff (9) and promoting localized
accumulation. However, the effectiveness of this barrier depends on the density and type of
vegetation present (51). For example, agricultural areas with homogeneous crops and vacant
lots exhibited greater dispersion and abundance of plastics compared to grassland and forest
areas, which are characterized by denser and more diverse vegetation, and consequently were
found to have higher plastic concentrations, as observed in Figures 3b and 4c.

The size of the plastic debris is related to the flat terrain (Figure 6a), values lower than
2.201 for the LS factor (Figure 6b), and the higher percentage of CMP-type plastic debris is
more related to forest areas, which can be explained by the influence of tree foliage, which can
trap airborne microplastics, as reported by Huang et al. (57) and Falakdin et al. (60).

Under these premises, it is assumed that the abundance, size variation, accumulation,
and directional redistribution of plastic debris in the soil has multiple possibilities of occurrence,
such as the characteristics of the terrain, slope, land use, and variables such as wind, surface
runoff, wind erosion [53,61], the density and type of vegetation (30), in addition to human
activities in agriculture (60). Therefore, a deeper understanding of the mechanisms and
processes involved in the distribution and accumulation of plastic debris in soils is essential for

advancing knowledge in this field.

4.3 Limitations, future research, and recommendations

The spatial distribution map of plastic debris (Figure 3) identifies key accumulation
zones, providing a valuable tool for guiding the placement of waste collection points. This is
particularly relevant for agricultural areas with flat or gently undulating terrain and sparse
vegetation, as highlighted by the multiple-factor analysis (Figure 6). Implementing targeted
collection strategies in these high-concentration areas could significantly reduce plastic waste
accumulation and reduce its environmental impact.

A limitation of this study was the smaller number of samples from forest areas and
grassland compared to agricultural areas. Dense vegetation in forest areas hindered access,

while several sampling points in grassland areas contained no plastic debris of the sizes
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analyzed. Thus, further research in these areas is necessary. Additionally, there is a lack of
studies analyzing other factors influencing plastic accumulation, such as wind patterns, surface
runoff dynamics, and temporal variations in plastic debris migration and degradation, as

highlighted by Billings et al. (63).

5 CONCLUSIONS

We present the first study into the distribution of plastic debris on a medium-sized farm
with different types of use, as commonly found in Brazil. The abundance and mass of plastic
debris were spatially heterogeneous, ranging from 0.509 x103 pieces ha! to 104 x10° pieces
ha! and from 0.039 kg ha! to 405 kg ha'!, respectively.

In conclusion, these findings highlight the influence of land topography and vegetation
density on the accumulation of plastic debris. Areas with gentle slopes and sparse vegetation
facilitate plastic dispersion, while denser vegetation in forested areas acts as a natural barrier,
retaining debris with a higher mass concentration. Our research has demonstrated that
agricultural practices contribute to the fragmentation of macroplastics into smaller particles,
such as mesoplastics and microplastics, which can worsen soil contamination.

The types of polymers identified in the study area were polypropylene (PP),
polyethylene (PE), and polyvinyl chloride (PVC). However, our results indicate that
contamination was largely attributed to the widespread use of PE and PP in agricultural
operations. In general, this plastic debris primarily originates from materials used for plant
labeling, agrochemical storage, irrigation systems, and various types of bags. Additionally,
degraded plastic debris was found predominantly in agricultural areas, which exhibited the
highest abundance and mass of plastic waste. In summary, our findings emphasize that
agricultural practices are the main drivers of plastic debris accumulation. Therefore, effective

management strategies to mitigate environmental impacts are essential.
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Plastic debris in agroecosystems: Distribution and abundance patterns, and relationship with terrain

characteristics in Southeastern Brazil

Table S1: Average values of the abundance group (number and mass) and the dimension group

(area, perimeter, and diameter) of plastic debris collected on the soil surface as a function of

four slope classes.

Abundance Group Dimension Group
Class_slope Quantity Mass Area Perimeter ~ Diameter
(pieces x10° ha™!) (kg ha) (m?ha') (m ha'!) (m ha'!)
Flat 9.297 16.343 54.021 3543976 898.599
Gently undulating 9.366 10.513 19.934  2128.444 542.859
Undulating 11.717 24.809 32,126  2645.922  662.571
Strongly 17.320 0.695 5.292 1718.594  443.709

Table S2: Average values of the abundance group (quantity and mass) and the dimension group

(area, perimeter, and diameter) of plastic debris collected on the soil surface as a function of

seven LS factor intervals.

Abundance Group Dimension Group

Class_slope Quantity Mass Area Perimeter Diameter
(pieces x10° ha') (kg ha'!) (m? ha!) (mha')  (mha')

[0.12684-0.81824] 15.419 15.750 26.560 2947.622  724.660
[0.81824-1.50964] 11.292 12.720 29.794 3183.372 841919
[1.50964-2.20104] 10.507 58.594 67.789 2797.517  666.544
[2.20104-2.89244] 6.477 13.306 9.349 932.711 233.874
[2.89244-3.58384] 3.057 6.076 8.730 732.606 136.900
[3.58384-4.27524] 1.019 6.299 7.522 738.808 161.330
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Table S3: Average values of the abundance group (quantity and mass) and the dimension group
(area, perimeter, and diameter) of plastic debris collected on the soil surface as a function of

seven NDVI index intervals.

Abundance Group Dimension Group

Class_slope Quantity Mass Area Perimeter ~ Diameter

(pieces x10° ha) (kg ha'!) (m? ha!) (mha')  (mha')

[0.06011-0.10591] 12.335 18.583 33.728 3514.991  830.615
[0.10591-0.15171] 15.390 9.603 26.490 3031.534  802.155
[0.15171-0.19751] 6.914 16.876 18.407 1618.361  392.364
[0.19751-0.24331] 6.028 2.735 5.392 762.798 199.266
[0.24331-0.28911] 2.802 0.419 3.336 658.591 147.972

[0.28911-0.35491] 0.509 40.560 258.584 1507.896  478.859
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PAPER 3 — ASSESSMENT OF SOIL MICROPLASTICS AND THEIR RELATION TO
SOIL AND TERRAIN ATTRIBUTES UNDER DIFFERENT LAND USES IN
SOUTHEASTERN BRAZIL

ABSTRACT

The assessment of microplastics (MP) in terrestrial ecosystems has gained increasing global
attention, due to their potential impact on soil health, biodiversity, and agricultural production.
While numerous studies have explored MP contamination in aquatic environments, research on
their distribution and interactions in soil remains limited, particularly in tropical regions. This
study aimed to characterize MP extracted from tropical soil samples and relate their abundance
to soil and terrain attributes under different land uses (forest, grassland, and agriculture). Soil
samples were collected from an experimental farm in Lavras, Minas Gerais, Southeastern
Brazil, to determine soil physical and chemical attributes and MP abundance in a micro-basin.
These locations were also used to obtain terrain attributes from a digital elevation model and
the normalized difference vegetation index (NDVI). The majority of microplastics found in all
samples were identified as polypropylene (PP), polyethylene (PE), polyethylene terephthalate
(PET), and vinyl polychloride (PVC). The spatial distribution of MP was rather heterogeneous,
with average abundances of 3,826, 2,553, and 3,406 pieces kg™! under forest, grassland, and
agriculture, respectively. MP abundance was positively related to macroporosity and sand
content and negatively related to clay content and most chemical attributes. Regarding terrain
attributes, MP abundance was negatively correlated with plan curvature, convergence index,
and vertical distance to channel network and positively related to topographic wetness index.
These findings indicate that continuous water fluxes at both the landscape and soil surface
scales play a key role, suggesting a tendency for higher MP accumulation in lower-lying areas
and soils with greater porosity. These conditions promote MP transport and accumulation

through surface runoff and facilitate their entry into the soil.

Keywords: Distribution, Plastic polymer, Raman spectroscopy, Soil structure, Tropical Soils
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1. INTRODUCTION

Microplastics (MP) are plastic particles formed either directly during manufacturing or
by the fragmentation of larger plastic products (Li et al., 2020) due to exposure to ultraviolet
radiation, weathering, hydrolysis, mechanical abrasion, physicochemical processes, and
microbial action in the environment (Castelvetro et al., 2021; Orona et al., 2022; Zhou et al.,
2023). MP can persist in soils for hundreds of years due to their chemical stability and physical
resistance (Li et al., 2021), raising growing concerns about their potential impacts on the
environment and human health (Li et al., 2020), and on soil biological health (Sarkar et al.,
2022). The slow degradation of MP facilitates their dissemination across terrestrial and aquatic
ecosystems (Lwanga et al., 2022), leading to their recognition as a globally persistent pollutant
(Munno et al., 2020).

The scientific community and policymakers are increasingly concerned about the global
contamination of soil by microplastics (MP), recognizing them as a marker of the
Anthropocene. Over the past eight years, research has focused on understanding the magnitude
and consequences of MP contamination (He et al., 2018), both in ecosystems and in human
health (Hu et al., 2022).

Early studies primarily quantified and characterized MP in soils. Since the 2020s,
however, more systematic investigations have emerged that address the effects of land use and
environmental factors on the spatial and temporal distribution of MP (Feng et al., 2023), the
influence of soil properties (Zhang et al., 2024), vertical migration (Li et al., 2021), terrain
effects (Padha et al., 2022), and interactions with soil flora and fauna (Dogra et al., 2024).

Agricultural soils have been identified as one of the ecosystems most susceptible to MP
pollution (Akca et al., 2024), originating from sources such as microfibers released from
clothing, primary MP discarded in their original forms, manufacturing of cosmetics and
cleaning products (Souza Machado et al., 2017), and the degradation of plastic debris already
present in the environment (Amjad et al., 2023; Piehl et al., 2018). These particles can be easily
transported by air and rain to the soil (Corradini et al., 2019; Guo et al., 2020; Nizzetto, Lu et
al., 2016; Rillig et al., 2023), or by runoff into aquatic environments (Campanale et al., 2022).
Such sources significantly contribute to MP accumulation in agricultural soils, leading to their
long-term buildup in soil profiles (Biiks and Kaupenjohann, 2020; Lwanga et al., 2022).

Microplastics particles can act as carriers for other pollutants, such as heavy metals and
persistent organic pollutants, posing substantial risks to organisms (Amjad et al., 2023) and

increasing their environmental impacts (Li et al., 2020). Additionally, MP may alter soil
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properties (Xiang et al., 2022), affecting soil structure and water dynamics (Souza Machado et
al., 2019). These changes can have significant and lasting effects on soil carbon dynamics (Li
et al., 2022), with yet unknown consequences for sustainability and food security (Nizzetto et
al., 2016). The ubiquity of MP in the environment has led some authors to propose their use as
a potential marker of the Anthropocene (Weber et al., (2021).

The amount of MP in soil at a given location is influenced by various factors, including
polymer type, land use, soil attributes (Li et al., 2020), the heterogeneity of soil mineral and
organic components (Piehl et al., 2018), etc. Additionally, the extraction and removal of
microplastics from soil remain challenging, requiring particular approaches for each type of
soil analyzed (Samanta et al., 2022). Among the methods for extracting MP from soils, the
density separation method is the most used. This method involves the removal of organic matter,
followed by the use of solutions with varying densities to the separation MP (Grause et al.,
2022; Liu et al., 2019; Quinn et al., 2016; Radford et al., 2021), resulting in high recovery rates
for MP ranging in size from 40 pm to 5000 pm (Samanta et al., 2022), finishing with filtration
and isolation of MP (Li et al., 2020; Thomas et al., 2020).

Studies requiring the quantification and characterization of MP are conducted using
stereoscopic microscopy, where particles are counted and classified by color, size, and shape,
assisted by image acquisition and processing software (Samanta et al., 2022; Zhang and Liu,
2018). Additionally, polymer spectra identification is performed using non-destructive
techniques such as Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy
(Munno et al., 2020; Souza Machado et al., 2019; Thomas et al., 2020).

Recent studies highlight the urgent need to prioritize research on MP in agroecosystems
(Guimaraes et al., 2024; Yang Zhou et al., 2023). While previous studies have documented the
distribution and characterization of MP in river sediments, lakes, and Brazilian mangrove soils
(Gerolin et al., 2020; Paes et al., 2022; Sarti et al., 2022), research on relationship between MP
and soil attributes in tropical regions remains scarce. Therefore, investigating their distribution,
characterization, and interactions with land use and terrain features in tropical soils is essential.

This study was based on the hypothesis that land use, soil attributes, and topography
influence MP abundance in the topsoil. Therefore, the study aimed to quantify and characterize
MP extracted from the 0—20 cm soil layer under different land uses on an micro-watershed in
Southeastern Brazil and to relate MP abundance to soil physical and chemical properties, terrain

attributes, and the normalized difference vegetation index (NDVI).
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2. MATERIAL AND METHODS

2.1.  Study area

The study was conducted in a watershed from the Muquém Experimental Farm of the
Federal University of Lavras (UFLA), in the municipality of Lavras, Minas Gerais state, Brazil,
It is between latitude -21°12'037"S and longitude -44°59'3.77"W, WGS 84 UTM 23S. It covers
an area of approximately 165 hectares and features a diversified land use system comprising
forest, grassland, and agriculture (Figure 1). The farm is located within the geomorphological
unit of the Atlantic Plateau, specifically in the Upper Rio Grande surface, a tributary of the
Parana River (Silva et al., 2014).

The regional climate is classified as Cwb (subtropical highland) according to the Képpen
climate classification system, mesothermic with dry mild winters and rainy warm summers
(Alvares et al., 2013; Dantas et al., 2007). The area receives an average annual rainfall of
1,383.4 mm, concentrated during the rainy season from October to February. Predominant
winds are easterly from March to September and northeasterly from November to February,
with average wind speeds of 2.16 m s' and 1.64 m s respectively, and a mean annual

temperature of 20.6°C (INMET, 2022).
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Figure 8. Map of the study area and geographic position of the sampled points at the watershed
from Muquém farm, municipality of Lavras, Brazil.
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The characteristics of the study site have already been detailed in Arevalo-Hernandez et
al. (2025). Beginning with soil classification in the study area, the major soil orders in the
micro-basin (Figure 2a) according to WRB-FAO (IUSS Working Group WRB, 2022)
correspond to Cambisols (CX), which occupy 18.84 ha (11,41% of the area), Gleysols (GM),
covering 1.92 ha (1.16% of the area), Ferrasols (LVA), occupying 63.60 ha (38.50%), Nitisols
(NX) at 8.30 ha (5.02%), Acrisols (PVA) covering 58.07 ha (35.15% of the area), and Leptosols
(RL) at 14.48 ha, representing 8.76% of the total area (Silva et al 2014).

The altitude in the study area ranges from 877 to 1,010 meters (Figure 2c), encompassing
a topographic gradient from flat to mountainous terrains. Flat areas (slope < 3%) represent
approximately 2.7% of the total area, while gently undulating areas (3—8% slope) account for
17.8%. The majority of the landscape (58.8%) is classified as undulating, with slopes between
8% and 20%. Strongly undulating areas (20—45% slope) cover 20.1% of the area, and
mountainous regions (slope > 45%) represent the remaining 0.6% (Figure 2b).

Land uses in the study area were classified as agriculture, grassland, and forest.
Agricultural use is composed of annual crops that occupy 29.2% of the area, including corn
(Zea mays), soybean (Glycine max (L.) Merrill), wheat (Triticum aestivum L.), common bean
(Phaseolus vulgaris), sorghum (Sorghum bicolor L.), and rice (Oriza sativa L.), while perennial
crops occupy 0.9% of the farm, mainly coffee (Coffea arabica). Grasslands are the most
common land use, with 39.3% of the area corresponding planted pastures (Brachiaria sp.) and
4.7% to native grassland. Forests occupy 24.4% of the area and the remaining 1.5% corresponds
to water reservoirs and buildings. The forests are dominated by planted eucalyptus forests

(Eucalyptus esp.) and native forest.
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Figure 2. Maps representing soil order (a), slope classes (b), Altitude (c), and NDVI (d) of the
watershed from Muquém Farm in Lavras, Southeastern Brazil. Note: reliefs associated with
their respective slopes, namely: flat (< 3%), gently sloping (3 — 8%), strongly sloping to
moderately steep (8 —20%), steep to very steep (20 — 45%), and extremely steep (45 — 75%).

2.2.  Soil sampling

Soil sampling was conducted from August 2022 to April 2023 using a predefined regular
grid of 91 georeferenced points covering 165 ha, resulting in a sampling density of 1.77 ha per
sample, with a resolution of 125 m % 125 m (Figure 1). Samples were collected from a 0-20
cm depth, with 100 g of soil stored in glass jars for microplastic analysis. Additionally, both
disturbed and undisturbed samples were collected to assess soil physical and chemical
properties.

The analyzed physical properties included soil texture (clay, sand, and silt), determined
by the pipette method (Dane and Topp, 2002); aggregate stability (GMD), assessed using the
wet sieving method, with mean weight diameter as the stability index (Kemper and Rosenau,
1986; Silva et al., 2017). Soil bulk density (Bd), total porosity (PT), macroporosity (pores >

0.05 mm diameter, Macro), and microporosity (Micro) were measured using the volumetric
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cylinder method, with microporosity determined under a suction of 6 kPa (Dane and Topp,
2002).

Chemical propeerties of the fine earth fraction (< 2 mm) included pH (determined at a
1:2.5 soil: water ratio); organic carbon content (determined via wet oxidation with 0.0667 mol
L™! potassium dichromate and concentrated sulfuric acid); exchangeable divalent cations (Ca**
and Mg?") and exchangeable acidity (AI*"), extracted using 1 mol L' KCl and quantified via
inductively coupled plasma optical emission spectrometry (ICP-OES). Exchangeable
potassium (K), available phosphorus (P), and sodium (Na) were extracted using Mehlich-1
solution and quantified by ICP-OES. Potential acidity (H + Al) was determined volumetrically
using 0.5 mol L' calcium acetate at pH 7.0. Based on these results, sum of exchangeable cation
(SB), effective cation exchange capacity (eCEC), aluminum saturation (m), cation saturation
(V), and total cation exchange capacity (tCEC) were calculated. Methods followed Brazilian
standards (Teixeira et al., 2017).

Sampling points were located using a Garmin Oregon 750 GPS with 3 m accuracy.
Auxiliary data such as altitude, surrounding vegetation type, and current land use were also
recorded. Terrain attributes were derived from a digital elevation model with spatial resolution
of 12.5 m (high-resolution terrain corrected ALOS PALSAR scene ALPSRP243456750 from
August 2010), data courtesy of JAXA/METI (2010). Terrain attributes were obtained from the
basic terrain analysis in SAGA-GIS (Conrad et al., 2015) implemented into QGIS software
version 3.36.3 (QGIS Development Team, 2024) and included slope, valley depth, distance to
channel network, channel network base level, flat curvature, profile curvature, convergence
index, topographic wetness index, relative slope position, and LS-factor. These values were

extracted to the sampling grid by the Point Sampling Tool plugin using bilinear interpolation.

2.3.  Extraction, Identification, and Quantification of Soil Microplastics

Soil MP extraction and assessment followed a three-phase procedure: 1) pre-processing,
2) MP separation, and 3) MP identification and quantification (Zhou et al., 2019).

The first stage, pre-processing, involved digesting the organic matter present in the soil
samples using 10 g of soil and 20 mL of an alkaline solution of KOH: NaClO 30%. This mixture
was dispersed in an ultrasonic bath at 35 W and 40 kHz for 5 minutes. After dispersion, the
samples were placed in an oven at 50-60 °C and manually stirred for 30 seconds every 4 hours

until reaching a constant mass.
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During the second stage, MP separation, the samples were centrifuged in solutions of
sequentially increasing density (p): distilled water (p = 1.00 g cm™3), saturated NaCl solution
(5.33mol LY, p=1.19 g cm™3), and ZnCl: solution (5.06 mol L™, p=1.5 g cm™). Soil samples
treated with distilled water underwent ultrasound dispersion for 5 minutes to separate MP from
soil aggregates. Subsequently, the solution was centrifuged at 2500 rpm for 5 minutes. The high
speed allowed MP to float in the supernatant, which was then collected with a pipette and
filtered using a vacuum pump and a 2 um nylon membrane. Next, 20 mL of saturated NaCl
solution was added to the precipitated soil in the tube. Again, the material was subjected to
ultrasound dispersion and subsequently centrifuged at 2700 rpm for 5 minutes, repeating the
supernatant collection and filtration processes. The final density separation was conducted with
ZnCl:z solution, where 20 mL was added to the tube with soil. The suspension underwent
ultrasound dispersion followed by centrifugation and the supernatant was collected and filtered
on a 2 um nylon membrane. The process was repeated until no particles were observed in the
supernatant. The particles retained on the filter were air-dried at room temperature
(approximately 23°C) and stored in glass boxes.

In the third stage, MP identification and quantification, a Nikon Eclipse Ni microscope
(10x magnification) was used. Images were recorded with a Nikon DS-Fi3 digital camera,
supported by NIS Elements software version 4.6 for data processing. MP abundance was
recorded in pieces kg! of dry soil by counting MP pieces in the total filter area. Regarding
shape, MP were classified as fragments (angular hard pieces), granules (circular or semi-
circular particles), fibers (elongated threads), and films (soft and transparent flakes).
Additionally, MP were categorized by color, with the most relevant colors being white, black,
blue, red, yellow, green, brown, and transparent (Yang et al., 2021b). MP size was categorized
into the following groups: group 1 (20 to 200 um), group 2 (200 to 500 pm), group 3 (500 to
1000 pm), and group 4 (1000 to 3000 pm) (Wang et al., 2021; Yang et al., 2021a).

Polymer identification was performed using spectral analysis with a Raman microscope
model Alpha300 equipped with a 785 nm laser (Witec, 2022). Spectra were measured in the
range of 300-3500 cm ™" with an acquisition time of 1 second, 20 accumulations, and a power
filter of 2 to 15% to avoid sample burning. Raman spectroscopy analysis was conducted by
comparing the samples’ Raman spectra with the Raman spectra of polymers of reference
obtained from the literature. Thus, the march in the positions and intensities of the bands
between the sample spectra and the reference spectra enabled the identification of the polymer
type with high confidence. From this analysis, the identified Raman spectra corresponded to

polypropylene (PP), polyethylene (PE), polyvinyl chloride (PVC), polyethylene terephthalate
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(PET), polystyrene (PS), polyamide (PA), rubber, and acrylic. Finally, this database was
compared with the spectra of the MP isolated from the soil and processed using OriginPro Lab

Corporation (2024).

2.4. Laboratory Contamination Prevention and Recovery Tests

Field samples were stored in glass jars. To avoid contamination, all materials used in
sample analysis were made of glass and rinsed with a disinfectant solution (filtered distilled
water and 30% ethanol) during all steps. Nitrile gloves and cotton clothing were also worn
during the experiments, and access to the laboratory area was restricted to research personnel
to prevent contamination from external sources. The same procedure for extracting MP from
soil was conducted on five control samples, which did not any soil. Control samples were stored
in petri dishes and inspected at the end of the analysis to verify potential contamination in the
laboratory (Corradini et al., 2019; Weber et al., 2021).

Recovery tests were also conducted to ensure methodological precision. These were
performed on four clean soil samples from the study area, along with low-density polyethylene
(LDPE) and polyvinyl chloride (PVC). In this context, recovery rates for LDPE particles ranged
from 81.0% to 98.8%, while PVC recovery rates ranged from 59.7% to 75.2% (Arevalo-
Hernandez et al., 2025b).

2.5. Statistical Analysis

Statistical analysis was performed on the abundance of MP isolated from soil sampling
locations (pieces kg™') in the 0—20 cm layer. After testing normality and heteroscedasticity, the
data exhibited a non-normal distribution. Principal component analysis (PCA) and Spearman
correlation were applied to examine relationships between land use (forest, grassland, and
agricultural), soil physical and chemical properties, terrain attributes, and the normalized
difference vegetation index (NDVI) for each sampling site. Multivariate analyses were
conducted using R software (Core Team, 2024). Polymer graphs and spectra were generated

using OriginLab Corporation software (2024).

3. RESULTS

3.1. Microplastic abundance
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Microplastics (MP) were detected in all soil samples collected from the study area. These
samples were distributed across land uses as follows: 19 from forest, 27 from grassland, and 45
from agricultural areas. The mean MP abundance + standard deviation was 3,825.9 + 338.5
pieces kg™ for forest soils, 2,552.6 £ 230.9 pieces kg™ for grassland, and 3,406.6 +231.2 pieces
kg™ for agricultural soils.

Microplastics abundance was categorized into five groups based on the classification
(Liu et al., 2022; Rafique et al., 2020; Weber et al., 2022): very low (< 1500 pieces kg™); low
(1500 - 3000 pieces kg™'); medium (3000 - 4500 pieces kg'); high (4500 - 6000 pieces kg™);
and very high (> 6000 pieces kg'). Seven values were classified as very high, corresponding
to 8% of the total points, while 16% (n = 15) were categorized as high. Medium values were
observed at 35% of the points (n = 32), low values for 30% (n = 27), and very low values for
11% (n = 10).

The point-based spatial distribution of MP abundance within the study area is shown in
Figure 3. Overall, most points with high and very high MP abundance were located along the
central strip and the eastern portion of the micro-watershed, particularly in the southern half,

near an urban area and an inter-municipal road.
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Figure 3. Distribution of sampling points at the watershed from Muquém Experimental Farm,
Lavras, MG, Brazil, according to MP abundance and land use.
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3.2. Microplastics composition

In this study, eight polymer types were identified using Raman spectroscopy. Their
relative abundances in the 0-20 cm soil layer was: polypropylene (PP) 33.3%, polyethylene
terephthalate (PET) 22.2%, polyethylene (PE) 14.8%, polyvinyl chloride (PVC) 8.6%,
polyamide (PA) 8.6%, polycarbonate (PC) 6.2%, rubber 3.7%, and polystyrene (PS) 2.5%
(Figure 4a). The prevalence of polymer types varied according to land use. In forest soils, the
predominant polymers were PP (43.8%), PET (25%), PVC (12.5%), and PE (9.4%) (Figure 4b).
In grassland soils, seven polymer types were identified, with PP, PET, PE, and PC being the
most common, each representing 18.2% (Figure 4c). For agricultural soils, the most abundant

polymers were PP (28.9%), PET (21.1%), and PE (18.4%) (Figure 4d).
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Figure 4. Polymer types identified in soil MP from the 0—20 c¢m soil layer under different land
uses. (a) Total MP found (b) Forest, (c) Grassland, (d) Agriculture. PA: polyamide; PC:
polycarbonate; PE: polyethylene; PET: polyethylene terephthalate; PP: polypropylene; PS:
polystyrene; PVC: polyvinyl chloride.
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Raman spectra of the most representative polymers found in soil samples from the study
area were PP, PE, PET, and PVC (Figure 5). These spectra exhibited baseline shifts and
variations in signal intensity, therefore different corrections were applied, including noise
removal, baseline adjustment, and normalization. In all cases, the spectra revealed characteristic
peaks specific to each polymer type.

For PP (Figure 5a), the Raman spectrum showed a characteristic peak around 2964 cm™,
attributed to asymmetric CH stretching vibration. The peak at approximately 1463 cm™
corresponded to asymmetric bending vibrations of the —CHs group, while the peak near 1162
cm ' was associated with C—C stretching. Another peak at 890 cm™ represented vibrations of
helicoidal molecular structures. For this polymer, slight shifts in peak positions and changes in
intensity were observed. These phenomena indicated weathering-induced chemical
modifications on the polymer structure (Phan et al., 2022), suggesting oxidation, degradation,

or cross-linking processes within the polymer chains.
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Figure 5. Raman spectra and photographs of the most abundant microplastics found in the 0—
20 cm soil layer (PP, PE, PET, and PVC), observed using Raman spectroscopy.
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In the PE spectrum (Figure 5b), characteristic peaks were observed in the regions 840—
1450 cm™ and 2884 cm™'. The most intense peaks occurred at 980 cm™, 1130 cm™, and 1450
cm!, attributed to C-O stretching, symmetric C-C stretching, and symmetric CH= deformation,
respectively. These findings align with previous studies on PE plastic debris in other regions
(Gonzalez-Cérdova et al., 2023; Phan et al., 2022; Sobhani et al., 2019).

On the PET Raman spectra (Figure 5c), two dominant peaks were observed at 1611 cm™
and 1729 cm™, corresponding to aromatic ring C-C stretching vibrations and carbonyl group
stretching vibrations. Similar results were reported by Gonzalez-Cordova et al., (2023). The
PVC samples exhibited Raman spectra (Figure 5d) with high-intensity peaks at 620 cm™,
associated with C-Cl bond stretching vibrations. Peaks at 1281 cm™ and 1340 cm™
corresponded to CH and CH-CI bending vibrations, respectively, while the peak at 1431 cm™

was related to angular deformation of the CHz group.

3.3.  Color, Shape, and Size of Microplastics

A total of 3,118 MP particles were analyzed for color, shape, and size (Figure 6). Nine
colors were identified (Figure 6a), with the respective percentages: black (34.9%), transparent
(24.7%), brown (13.7%), white (12.6%), blue (8.1%), and yellow, red, green, and gray
collectively accounting for 6.0%. Black and transparent were the predominant colors in all land
uses, followed by brown or white depending on the land use.

Four MP shapes were recorded across all samples (Figure 6b): films (33%), fragments
(28%), granules (25%) and fibers (14%). Generally, fibers were blue, films were transparent,
and fragments and granules were black. Films were in the dominant shape, representing 31%
in forest, 32% in grassland, and 34% in agricultural. Fragments and granules were found in
similar proportions across all land uses, while fibers had the lowest occurrence, at 15% in forest
and grassland and 13% in agricultural.

MP were categorized into four size groups: 20 — 200 pm, 200 — 500 pm, 500 — 1000 pm,
and 1000 — 3000 um. MP in the smallest size category (20 — 200 um) were most abundant
(Figure 6¢), particularly for fragments and granules, accounting for 66%, 54%, and 63% of MP
in the forest, grassland, and agricultural, respectively. MP larger than 1000 pm, mostly fibers,
were the least abundant across all land uses.

In grassland, black granules and transparent films were the most common MP, with

average sizes of 112.4 um and 282.2 um, respectively. In forest, transparent films, along with
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black fragments and granules, were the dominant forms, with average sizes of 207.6 um, 151.1
um, and 102.1 um, respectively. For agricultural, transparent films and black fragments and

granules were the most abundant, with average sizes of 220 um, 143.3 um, and 105.9 pum,

respectively.
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Figure 6. Percentage of microplastics sorted by (a) color, (b) shape, and (c) size for forest,
grassland, and agricultural uses.

3.4. Relating microplastics to soil and terrain attributes

The first principal components (PC) accounted for 46.1% of the total variance in soil
attributes (Figure 7a) and 62.5% of the total variance in terrain attributes (Figure 7b). For soil
attributes, PC1 and PC2 seemed to represent soil chemical (SOM, tCEC, eCEC, SB, Ca, Mg,
m) and physical attributes (PT, Bd, Clay, Sand, Micro), respectively. Although a clear trend
regarding MP abundance was not clear, there was an evident trend according to land use, with
agriculture observations scattering towards higher clay content and forest and grassland

observations scattering towards higher sand content and bulk density.
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This segregation between agriculture and other land uses was more evident in the PCA
for the terrain attributes (Figure 7b). The first PC represented the vertical position of the
sampled points, reflecting measures of curvature, distance to the channel network, and altitude,
whereas the second PC was more strongly affected by slope and NDVI. In this case, the
agriculture land use points were scattered towards higher altitudes and greater distances to the

valley bottoms, whilst forest and grassland observations were related to higher Slopes.
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Figure 7. Principal component analysis of (a) soil physical and chemical properties and (b)
terrain attributes and NDVI. Spearman's correlation between microplastic abundance and (c)
soil physical and chemical properties and (d) terrain attributes and NDVI. Note: bulk density
(Bd), macroporosity (Macro), microporosity (Micro), total soil porosity (PT), geometric mean
diameter (GMD), exchangeable cations (SB), effective cation exchange capacity (eCEC), total
cation exchange capacity (tCEC), total acidity (H+Al), cation saturation (V), aluminum
saturation (m), soil organic matter (SOM), normalized difference vegetation index (NDVI),
channel network base level (CHNL BASE), channel network distance (CHNL DIST),
Convergence index (CONVERGQG), altitude, plan curvature (HCURV), LS-factor, relative slope
position (RSP), slope, topographic wetness index (TWI), valley depth (VALL DEPTH),
profile curvature (VCURV), SAGA wetness index (SWI).
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4. DISCUSSION

4.1. Microplastic abundance

Numerous studies report the presence of microplastics (MP) in soils under different
conditions, with their abundance and characteristics varying significantly depending on factors
such as geographical location, land use, sampling depth, production systems employed,
irrigation method, duration of plastic use, thickness, and type of plastic films used (Berenstein
etal., 2024; Guo et al., 2023; Yoon et al., 2024). Additionally, atmospheric deposition, tire wear,
and the use of sludge as an amendment are significant contributors (Corradini et al., 2019). The
abundance of MP in soils reported by various authors is summarized in Table 1 according to
location and land use to highlight their ubiquity and heterogeneity. Additionally, the lack of
standardized methods for extracting MP from soils, along with variations in sampling methods,
analysis techniques, and other natural or artificial factors, may influence MP abundance (Yang

Zhou et al., 2023).

Table 1. Microplastic abundance (range, mean, and standard deviation) in soils according to

location and land use as reported by various authors.

Average *
Range standard
Location Land use deviation. Source
pieces kg™
Middle Franconia,
southeast Agriculture NA 0.34 £ 0.36 (Piehl et al., 2018)
Germany
Agriculture
Public Parks
Lahore, Pakistan House lawns 1750 - 12200 4483 + 2315 (Rafique et al., 2020)
Industrial areas
Drain, roadsides
Central Valley, Agriculture NA 306 + 360 (Corradini et al.,
Chile Grassland 184 + 266 2021)
Jangx Province, - agricutture NA 438+16.2  (Yang etal., 2021b)
Shandong
Province, Agriculture 310 - 5698 1444 + 986 (Yu et al.,, 2021)
China
Beijing, China fre.e”hc’use 500 - 1240 891 + 316 (Wang et al., 2022)
griculture
. 1236.36 + 843.18
Agriculture 200 + 228
Yunnan, China Grassland 50 - 3450 85 +‘22 9 (Zhang et al., 2022)
Forest o
Bangladesh Agriculture NA 2.13x10*£0.13 (Hossain et al.,

x 104 2023)
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Buenos Aires, (Berenstein et al.,

Argentina Horticultural soil 27 -69 43 + 30 2024)

Rhineland- Viticulture

Palatinate, . 400 - 13000 4200 + 2800 (Klaus et al., 2024)
farmland soil

Germany

Northern, Legumes 1600 — 36200 11058 (La et al., 2024)

China Farmland soil

Lavras, Minas Forest 1000 - 7400 3826 + 338

Gerais, Grassland 1000 - 4700 2553 + 231 Present study

Brazil Agriculture 600 - 7300 3407 + 231

The MP abundance varied somewhat between land uses, with slight differences in size,
color, shape, and polymer type across the three land uses studied. MP are ubiquitous, but their
concentration depends on plastic usage in human activities (Rafique et al., 2020). For instance,
our results for agricultural soils were higher than those researchers which found MP ranging
from 6.0 to 444 pieces kg! with an average of 86 pieces kg™ in surface agricultural soils in the
Huangshui watershed, northeastern Qinghai-Tibet Plateau (Zhou et al. 2023). In contrast, other
studies recorded MP abundances between 1,600 and 36,200 pieces kg™, averaging 11058 pieces
kg™ in agricultural land used under extensive plastic film and organic fertilizer application in
northern China (La et al., 2024), with results markedly higher than our findings.

MP levels in agricultural soils similar to those in our study were founded ranging from
2,783 to 6,366 pieces kg in Chinese agricultural soils (Wang et al., 2021). In the present study,
MP concentrations ranged from 600 to 7,300 pieces kg™, with an average abundance of 3,407
+ 231 pieces kg! on agricultural use. Similar values were observed in Lahore, Pakistan, with
MP concentrations ranging from 2200 to 6875 pieces kg™!, averaging 3712 + 2156 pieces kg™
(Rafique et al., 2020). Variations in MP concentrations may be linked to differences in
anthropogenic activity intensity, proximity to MP sources, vehicular traffic within the study
area, and environmental conditions (La et al., 2024; Yoon et al., 2024; Zhang et al., 2022).

A similar scenario was observed for MP pollution in forest and grassland, with
heterogeneity in results among the studies described (Table 1). In our data, MP concentrations
in forest soils averaged 3,826 + 338 pieces kg™!, a much higher value than those reported in
other studies, such as 85 + 22.9 pieces kg™! in Yunnan Province, China (Zhang et al., 2022), and
1097 pieces kg™' in Gangdong, Seoul (Yoon et al., 2024). However, a study conducted in central
China found a significantly higher MP abundance of 410,000 pieces kg™ in forest soils. This
was attributed to pollution sources such as wastewater from textile industries, sewage sludge,

and exhaust emissions (Zhou et al., 2019).
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In the present study, a similar MP abundance was found in the forest as in the agricultural
(Figure 3). Although there is minimal human activity in the forest, it is believed that the detected
MP may have been transported by atmospheric deposition (Padha et al., 2022).

Findings suggest that tree leaves can act as a long-term sink for airborne MP, which are
typically smaller than 100 um and shaped as fragments, granules, and fibers (Sunaga et al.,
2024). Similarly, identified MP on tree leaves as fibers and fragments, ranging from 20 to 500
um, in a semi-urban area near Corufia, Spain (Falakdin et al., 2024). In the present study, MP
with similar shapes and sizes were identified in soils, as seen in Figures 6a and 6b, contributing
to the explanation of high MP abundance in forests.

Another possible source is the degradation of plastic waste found on the surface along
forest trails. The presence of plastic debris on the soil surface at the sampling sites may explain
the higher MP abundance recorded in the forest. These findings suggest that the occurrence of
MP may be influenced by human activities (Yoon et al., 2024; Zhang and Liu, 2018).

For grasslands, an average of 2,552.6 + 230.9 pieces kg™' was quantified, a much higher
value than those reported in other studies, with recorded an average of 200 + 228 pieces kg™!
(Table 1) (Corradini et al., 2021; Zhang et al., 2022). Compared to literature findings (Table 1),
our MP abundances in grasslands were higher, likely due to sampling site selection with
increased human activity levels and vehicle access within the study area, contributing to tire

debris, plastic waste remnants, and road dust (Praveena et al., 2023; Yoon et al., 2024).

4.2. Distribution of microplastics in soil

The spatial distribution of MP was irregular and highly heterogeneous across the study
region, being present in all soil samples regardless of land use. Causes for irregular MP
abundance distribution include climatic factors, irrigation conditions, cultivation intensity,
severe storms, and natural weathering (Feng et al., 2023; Ling et al., 2023; Liu et al., 2023).
Figure 3 illustrates that the highest concentrations of MP were detected in the southern part of
the study area, adjacent to a residential zone and municipal roads. This proximity appears to be
closely linked to MP abundance, with MP concentrations tending to increase as the distance to
these areas decreases (Wang et al., 2025).

Urbanization and anthropogenic activities contribute to soil contamination by MP
(Amjad et al., 2023). Studies have concluded that MP abundance in soil is higher in residential
areas compared to commercial and industrial areas, as population density influences MP

contamination levels (Prajapati et al., 2023).
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In this study, one of the areas with high MP abundance is located in the forest, where
plastic debris deposited on the soil surface was displaced by runoff or wind from higher altitudes
to lower areas, being intercepted by tree and shrub vegetation, leading to its deposition. These
are probable causes of the high MP abundance (Falakdin et al., 2024; Sunaga et al., 2024).
Similar results were reported with high MP abundance in northwestern Germany caused by
high sludge production due to population density and intensive agricultural soil use (Brandes et
al., 2021).

Studies suggest that MP pollution in agricultural soils is independent of fertilizer or
compost applications and that nearby roads and urban areas do not significantly contribute to
soil MP pollution (Corradini et al., 2021). Thus, it is necessary to investigate potential MP
sources in the study area and compare findings with other research reports from similar
locations with comparable sampling methods and procedures. This approach would facilitate

the development of standardized and more universal analytical methods (Ling et al., 2023).

4.3. Visual characterization and composition of microplastics

The size, shape, color, and polymer type may help to understand their relationship to soil
physicochemical attributes (Figures 4 and 6), such as pH, soil structure, hydrodynamics, and
water-stable aggregates (Huang et al., 2022). These characteristics may also aid in tracking
potential pollution sources of these plastic particles (La et al., 2024).

In this study, MP were categorized into four forms: fragments, films, fibers, and
granules, and were found in varying proportions, regardless of land use (Figure 6). Similar
forms were observed in other studies (La et al., 2024; Xiaoting et al., 2022). Films (32%) and
fragments (28%) represented the highest proportions among soil samples, with equivalent
results reported by Ling et al., (2023). Fibers and fragments have also been found as the most
common, often originating from polyester and polyethylene debris (Yang et al., 2021b).

The shape of the MP particles can influence soil structure and integrate into the soil
matrix in different ways. For instance, polyethylene fragments interact loosely with other soil
particles, whereas polyester fibers form the framework for larger soil structures (Souza
Machado et al., 2018). This behavior may impact aggregate stability and consequently soil
susceptibility to erosion, a hypothesis requiring further investigation through studies comparing
different soil textures and MP concentrations (Huang et al., 2022).

Results from this study revealed that MP varied in size according to shape: fragments

ranged from 43.6 to 2,017 um, films from 42.44 to 2,345 um, fibers from 60.58 to 2,752 um,
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and granules from 16.32 to 585 pm (Figure 6¢). MP were classified into four size classes, with
most particles falling between 20 and 200 um (Figure 6¢), similar to other research (La et al.,
2024; Zhou et al., 2019). The analyzed MP covered a wide size range from 20 to 3,000 um,
which may explain the higher abundance values compared to studies that only characterized
MP larger than 1 mm, (Piehl et al., 2018). Over 80% of the extracted MP from the three soil
uses measured less than 500 pm, aligning with the other studies in Chinese agricultural uses
(Ling et al., 2023; Wang et al., 2021). This degradation of plastic particles and debris into
smaller pieces may be due to physical forces like compaction, friction, and soil tillage (Guo et
al., 2023) or environmental influences such as weathering over a relatively brief time (Yoon et
al., 2024).

In the present study, black, white, and transparent MP were the most common pieces
across all three land uses (Figure 6a). Related results were reported by La et al. (2024). The
color of MP particles may reveal their font (Akca et al., 2024). Black MP may originate from
agricultural mulches and fertilizer bags, while white plastics are more common in greenhouses,
including white plastic bags, transparent plastic films, and packaging materials (Guo et al.,
2023; Wang et al., 2020). Meanwhile, colored MP often derives from fragments of bottles,
clothing, and packaging found in everyday life and agricultural production (Ling et al., 2023).

The types of polymers identified using Raman spectroscopy in this study (Figure 4) were
also observed in other studies analyzing MP in different land uses (Corradini et al., 2021;
Praveena et al., 2023; Yoon et al., 2024). The most prevalent polymers, in order of their
abundance, were PP, PET, PE, PVC, PA, PS, and rubber (Figure 4a), similar to findings in a
review of 177 articles on MP in agricultural soils (Pérez et al., 2022). The spectra of the
polymers found in the samples for each land use (Figure 5) contained the most representative
functional groups of the polymers identified in numerous studies (Falakdin et al., 2024).
Previous research has shown that agricultural soils mainly contain MP in the form of fibers and
granules, with PS, PE, PP, and PET being the most common materials (Ding et al., 2022).

In our study, PP, PET, and PE components were the most abundant polymers identified,
accounting for 73.3% of the particles identified (Figure 4). A similar proportion was reported
using infrared spectroscopy (Ling et al., 2023). The PP can be attributed to the widespread use
of woven sacks in agricultural production and plastic films for mulches (Guo et al., 2023). PET
derives from discarded bottle fragments and packaging materials, while PE is commonly found
in plastic bags, food packaging, and agricultural films (Ling et al., 2023). These MP types may
result from the degradation of larger pieces of conventional plastics that contaminate the

environment (Yang et al., 2021b).
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The results highlighted a high variety of polymer types, colors, sizes, and shapes of MP
found in the study area, with similar proportions across the three land uses studied (Figures 4
and 6). This indicated a somewhat homogeneous contamination process throughout the study
area. A similar pattern was reported which found consistent MP characteristics across two
metropolitan cities with similar plastic consumption patterns and human activities (Rafique et

al., 2020).

4.4. Relating microplastic abundance to soil and terrain attributes and NDVI

In the present study, the correlation results in Figure 7c¢ suggested a weak positive
relationship between MP abundance and sand content and a significant negative correlation
with clay content and SOM. Similar behavior was, which reported indicating that soils with
higher sand content may facilitate MP accumulation, whereas clay-rich soils may retain less
MP due to their structure and physical properties (Akca et al., 2024). This observation regarding
soil structure was also noted in the PCA (Figure 7a), where the variables clay and microporosity
were positively correlated, while sand content and bulk density (Bd) were inversely correlated
with these attributes.

In this context, several studies have reported that MP can alter soil structure and
microbial activity. The effects of MP on soil attributes were observed, with findings indicating
that different concentrations and types of MP added to the soil could slightly increase Bd,
although not significantly (Wen et al., 2022). Additionally, the MP affects soil Bd, but these
changes depend on the shape, type, and concentration of MP (Souza Machado et al., 2018).
These properties can influence water retention capacity and the adsorption of MP by colloidal
solids and soluble matter, thereby affecting soil aggregate formation (Wen et al., 2022).

Our results indicated that the abundance of MP in agricultural exhibited a negative
correlation with high Bd values and a positive correlation with high total porosity (PT) values
(Figure 7a). This suggests that in compacted agricultural uses, MP abundance may be reduced,
a trend also (Zhang et al., 2024).

A significant negative correlation was observed between MP abundance and soil
chemical properties, such as Mg, Ca, tCEC, eCEC, SBT, and SOM (Figure 7a). The presence
of MP may alter cation exchange in the soil due to their large specific surface area and
adsorption capacity (He et al., 2018; La et al., 2024), potentially reducing long-term soil fertility
and crop health (Souza Machado et al., 2019).
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Although a negative correlation between MP abundance and SOM was observed (Figure
7a), the literature presents varying conclusions regarding this relationship. Study found that MP
abundance in soil was negatively correlated with SOM stability (Akca et al., 2024). Other found
that MP abundance was associated with a decrease in SOM quality, suggesting that MP may
interfere with the relationship between organic matter and soil structure (Hu et al., 2022). The
MP weathering has the potential to directly and indirectly alter the molecular properties of
organic matter (Li et al., 2022; Wen et al., 2022). These changes in MP properties can transform
the composition of soil organic matter from simple structures to more complex and aromatic
organic compounds, impacting microbial community structure, abundance, biomass, and
microbial activity (Liu et al., 2022; Souza Machado et al., 2019; Wang et al., 2019, 2020).

It is important to emphasize that MP effects on soil can vary depending on soil properties
(texture, mineralogy, acidity, CEC, among others). These attributes influence soil response
mechanisms depending on MP concentration, shape, size, and type (Ingraffia et al., 2022).
However, changes in soil attributes will only be gradual and significant when MP
concentrations in soil are high, ranging between 0.5% and 2% (Zhou et al., 2021).

Few studies describe any relationship between MP abundance and terrain parameters or
vegetation cover. The topography, and slope can influence the movement and accumulation of
MP in soil, related to areas with steeper slopes (Hu et al., 2022). In our study, a significant
negative relationship was observed between MP abundance and parameters such as the
convergence index (CONVERGENCE), plan curvature (HCURV), slope position (RSP), and
channel network distance (CHNL_DIST), along with a significant positive correlation with the
topographic wetness index (TWI) (Figure 7d). These variables are derived from the digital
terrain model (Figure 2b). Thus, the TWI, which reflects the tendency of water to accumulate
at lower positions of the landscape (Huang et al., 2024), positively correlates with MP
abundance (Figure 7d). Indeed, surface runoff can increase soil erosion and MP mobilization
(Rehm et al., 2021). However, in areas with vegetative cover, erosion is generally reduced,
which may limit MP mobilization (Akca et al., 2024).

Additionally, parameters modeling terrain curvature (HCURYV), slope position (RSP),
and surface water dynamics (CONVERGENCE) account for terrain slope and shape (Huang et
al., 2024). These parameters were highly correlated in the PCA (Figure 7b), indicating high
susceptibility to soil erosion and, MP transport. The negative correlations observed for these
terrain attributes (Figure 7d) indicated lower MP abundance on convex slopes and higher

positions, such as in summits and shoulders.
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Our study is among the first to establish a relationship between soil properties, the
normalized difference vegetation index (NDVI), terrain characteristics, and land use (forest,
grassland, and agriculture), with the abundance, distribution, and identification of MP in
tropical soils. The characterization of MP, including shape, size, and polymer type, can provide
insights into their migration mechanisms within the soil (Li et al., 2021). This migration is
closely related to particle size, bulk density, and organic matter content, which affect the ability
of MP to move through soil pores, thereby altering soil hydrophysical properties (Hu et al.,
2022; Souza Machado et al., 2019). In addition, vegetation type and density can act as barriers
that limit the surface mobility of MP (Liu et al., 2023).

4.5. Limitations and future research

In this study, we quantified, characterized, and identified MP in three tropical land uses.
However, we found that the complexity of the analyzed soil matrix, where mineral components,
organic matter, microfauna, and plastic residues interact, posed a significant challenge for MP
extraction, quantification, and complete identification with Raman spectrometry. This
complexity also affects their mobility and degradation (Zhang et al., 2024). In our study, three
density separation solutions ranging from 1.0 to 1.5 g cm™ were used, which means that MP
with higher densities were not considered or analyzed.

In addition, seasonal variation in the study area is another factor affecting the distribution
and abundance of MP in terms of land use and soil properties (Feng et al., 2023). However, this
study did not evaluate seasonal changes, particularly temperature variations, wind direction,
and speed, or soil erosion caused by rainfall, which can transport MP and alter their
concentrations and spatial variability (Dogra et al., 2024; Li et al., 2021).

Future studies should focus on better understanding MP transport mechanisms via soil
erosion and how different agricultural management practices might influence this process,
requiring further evaluation of factors such as rainfall (Ling et al., 2023) and atmospheric
deposition (Liu et al., 2023) to identify more relevant relationships explaining the influence of

these characteristics on MP concentrations across different land uses.

S. CONCLUSION

Microplastic particles were detected in all soil samples collected from a watershed in a

tropical zone, encompassing three land use types: forest, grassland, and agriculture. The average
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MP abundances were 3,825.9, 2,552.6, and 3,406.6 pieces kg for forest, grassland, and
agriculture, respectively. A diverse range of MP colors, sizes, shapes, and polymer types were
identified, with similar proportions across the different land uses.

The spatial distribution of MP on the watershed was rather heterogeneous, with
somewhat higher concentrations in forest and agricultural. Significant correlations between MP
abundance and soil and terrain attributes were observed, with positive correlations for
topographic wetness index, and negative correlations for clay and soil organic matter content,
chemical properties (tCEC, eCEC, SB, Ca, Mg), and convergence index, plan curvature,
distance to channel network and relative slope position.

This study provides the first evidence of MP pollution in Brazilian soils under different
land uses influenced by diverse agricultural activities, paving the way for future research on the

effects of MP on these ecosystems and their relation to soil and terrain attributes.
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PAPER 4 — SPATIAL DISTRIBUTION AND GEOSTATISTICAL PREDICTION OF
MICROPLASTIC ABUNDANCE IN TROPICAL SOILS IN SOUTHEASTERN
BRAZIL

ABSTRACT

Research on microplastics (MP) in agricultural soils has received increasing attention
due to their potential ecological risks and adverse effects on the food chain. Recently,
geostatistical approaches have been increasingly used to assess the spatial
distribution of MP in soils. Therefore, this study aims to predict the abundance of MP
in the soil of an agricultural watershed using geostatistical methods and to produce a
continuous map of the interpolated MP. Soil samples were collected, and MP
abundance was determined using the density separation method. Subsequently, an
exploratory data analysis was conducted, followed by the construction of the empirical
semivariogram, theoretical variogram model fitting, ordinary kriging interpolation, and
cross-validation. MP were detected in all samples, with average abundances of 3,826,
2,553, and 3,407 pieces kg™ in forest, grassland, and agricultural land use systems,
respectively. The experimental semivariogram showed that the spatial distribution of
MP has a strong spatial dependence structure, which follows the Gaussian model. The
Kriging map showed a distribution of MP in the range of 600 to 7,400 pieces kg™, with
higher concentrations of MP for forest and agricultural areas. Additionally, the map
reveals a high abundance of MP, with greater concentrations in depressions and areas
near roads and urban centers, allowing for identifying critical points within the
watershed. This study offers important insights into the presence of MP across various
land uses, emphasizing the need for proactive measures to prevent and mitigate their

accumulation in soils.

Keywords: Agricultural soil, Diffuse pollution, Geostatistics, Kriging, Polymers.
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1. INTRODUCTION

Microplastics (MP) are pervasive pollutants in aquatic and terrestrial ecosystems (Li et
al., 2023). They originate from plastic waste that degrades over time through ultraviolet
radiation, mechanical wear, thermo-oxidative processes, and biological activity (Hossain et al.,
2024; Zhou et al., 2020). With particle sizes ranging from <5 mm to 1 um (Kumar et al., 2021;
Shi et al., 2023; Weber et al., 2022), MP are highly persistent in the environment (Chamas et
al., 2020) and can alter key properties of agricultural soils (Souza Machado et al., 2018; Yan et
al., 2022). Additionally, they pose potential risks to soil fauna, microorganisms, and crop
growth (Ding et al., 2022).

The identification and quantification of microplastics (MP) are crucial for evaluating
their environmental impact. Despite growing research interest, there is still a lack of
standardized methodologies for assessing MP abundance and spatial distribution in
environmental matrices (Radford et al., 2021). Among the existing approaches, the most
commonly employed method for isolating MPs from soil is density separation using high-
density saline solutions (Grause et al., 2022; Li et al., 2020; Quinn et al., 2016), typically
followed by filtration and retention of the particles on filter (Thomas et al., 2020).

Continuing with the identification and quantification process, stereoscopic microscopy
is used to count and characterize MP based on their color, size, and shape, often assisted by
professional imaging software (Samanta et al., 2022; Zhang and Liu, 2018). This is followed
by identifying the polymer composition of the MP using non-destructive techniques such as
Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy (Munno et al., 2020;
Souza Machado et al., 2019; Thomas et al., 2020).

Georeferencing techniques are commonly used to map the spatial distribution of MP
isolated from soil, typically through point spatial analysis (Zhou et al., 2023b), which represents
only the exact locations of the quantities or masses of MP. Leitao et al. (2023) spatially mapped
the concentration of MP in Coimbra, a municipality in central Portugal.

Kriging interpolation can also be applied to map the spatial distribution of MP, as
demonstrated by Liu et al. (2022) in a study of MP isolated from water and sediment samples
in Chaohu Lake, China. Another method for mapping MP is the Inverse Distance Weighting
(IDW) technique, as employed by Zhou et al. (2023) in surface agricultural soils in the
Huangshui watershed, located in the northeastern Qinghai-Tibet Plateau. The results indicated

that microplastic pollution is concentrated in densely populated and agricultural areas.
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Recent studies highlight the urgent need to prioritize research on MP in agroecosystems
(Zhou et al., 2023). However, the spatial distribution of MP in Brazilian agricultural soils
remains largely unexplored (Sarti et al., 2022; Silva et al., 2022; Wrigley et al., 2024). The lack
of studies on the spatial distribution of MP limits the understanding of their distribution patterns
in tropical agricultural soils according to land use and potential environmental risks. It also
hinders the development of effective mitigation strategies and the identification of critical
hotspots where MP accumulates in tropical soils. Therefore, this study aims to analyze MP
abundance in the soil based on land use and predict their spatial distribution within a watershed.
MP was collected using a georeferenced sampling grid in the 0-20 cm soil layer, allowing the
construction of a spatial distribution map through geostatistical methods for three land use

types: forest, grassland, and agricultural land.

2. MATERIALS AND METHODS

2.1 Description of study area

The study area is located in a watershed within the Rio Grande basin, encompassing the
Muquém Experimental Farm of the Federal University of Lavras (UFLA). This area covers
approximately 165 hectares and features a diversified land use system comprising forest,
grassland, and agricultural land (Figure 1). It is situated at a latitude of -21°12'037"S and a
longitude of -44°59'3.77"W (WGS 84 UTM), with elevations ranging from 877 m to 1,040 m.

The characteristics of the study site have already been detailed in Arevalo-Hernandez et
al. (2025). Soil classification in the study area indicates that the major soil orders in the sub-
watershed, according to WRB-FAO (IUSS Working Group WRB, 2022) correspond to
Cambisols (CX), which occupy 18.84 ha (11,41% of the area), Gleysols (GM) which occupy
1.92 ha (1.16% of the area), Ferrasols (LVA) occupy 63.60 ha (38.50%), Nitisols (NX) 8.30 ha
(5.02%), Acrisols (PVA) 58.07 ha (35.15% of the area), and Leptsols (RL) 14.48 ha,

representing 8.76% of the total area.
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Figure 1. Map of the study area, land use, and geographic position of the sampled points at sub-
basin from Muquém farm, municipality of Lavras, Brazil.

Land use in the watershed was classified into three main categories: agricultural,
grasslands, and forests (Figure 1). Agricultural land accounts for 30.1% of the total area, with
annual crops covering 29.2%, including corn (Zea mays L.), soybean (Glycine max (L.)
Merrill), wheat (Triticum aestivum L.), common bean (Phaseolus vulgaris L.), sorghum
(Sorghum bicolor (L.) Moench), and rice (Oryza sativa L.). Perennial crops, primarily coffee
(Coffea arabica), occupy 0.9% of the area.

Grasslands represent the most extensive land use, covering 44% of the watershed. This
includes 39.3% planted pastures (Brachiaria sp.) and 4.7% native grasslands. Forests occupy
24.4% of the area, comprising both planted eucalyptus (Eucalyptus sp.) and native forests. The

remaining 1.5% of the area is allocated to water reservoirs and built-up areas.

2.2 Soil collection and sampling

Soil sampling was conducted between August 2022 and April 2023, following a

predefined regular grid of 91 georeferenced points across a total area of 165 hectares. This
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resulted in a sampling density of 1.77 ha per sample, with a spatial resolution of 125 m x 125
m (Figure 1). Each sample consisted of three subsamples collected approximately 70 cm apart
to ensure representativity. In terms of land use distribution, the regular grid enabled the
collection of 19 samples from the forest area, 27 from the grassland area, and 45 from the
agricultural area.

Some areas of the watershed were not sampled (Figure 1) due to steep slopes and high-
density forest vegetation, which made access and sampling considerably challenging. Samples
were collected from the 0—20 cm soil layer, with 100 g of soil taken from each point and stored
in glass jars labeled with the corresponding grid point code. These samples were then
transported to the laboratory for further analysis.

Each sampling point was georeferenced using a Garmin Oregon® 750 GPS device with
3-meter accuracy. Additionally, the altitude, surrounding vegetation type, and current land use

were recorded at each location.

23 Separation and extraction of microplastics from the soil

Soil samples collected in the field were initially pretreated through air-drying and
sieving using a 2.00 mm mesh. From each sampling point, 10 g of soil were used to conduct
the microplastic (MP) extraction and analysis protocol, following the methodology adapted
from (Zhou et al., 2019). The process comprised three main stages: (1) organic matter digestion,
(2) density-based separation and filtration, and (3) quantification of MPs via optical
microscopy.

The first stage involved digesting the organic matter in the soil samples using 10 g of
soil and 20 mL of an alkaline solution of KOH: NaClO 30%. This mixture was dispersed in an
ultrasonic bath at 35 W and 40 kHz for 5 minutes. After dispersion, the samples were placed in
an oven at 50-60°C and manually stirred for 30 seconds every 4 hours until reaching a constant
mass.

During the second stage, the separation procedure followed the sequential density
gradient protocol detailed in Arevalo-Hernandez et al. (2025b), , the samples were centrifuged
in solutions of sequentially increasing density (p): distilled water (p = 1.00 g cm™3), saturated
NaCl solution (5.33 mol L', p=1.19 gcm ™), and ZnCl: solution (5.06 mol L', p=1.5 gcm™).
Soil samples treated with distilled water underwent ultrasound dispersion for 5 minutes to

separate MP from soil aggregates. Subsequently, the solution was centrifuged at 2500 rpm for
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5 minutes. The high speed allowed MP to float in the supernatant, which was then collected
with a pipette and filtered using a vacuum pump and a 2 um membrane filter.

The residual soil was then treated with 20 mL of saturated NaCl solution, dispersed
again with ultrasound, and centrifuged at 2,700 rpm for 5 minutes. The supernatant was
recovered and filtered as in the previous step. Finally, the same procedure was repeated using
the ZnCl. solution. Each separation step was reiterated until no additional particles were
observed in the supernatant. All filters were left to air-dry at ambient temperature (=23 °C) and
subsequently stored in glass containers.

For the third and final stage, MP quantification was carried out using a Nikon Eclipse
Ni optical microscope at 10x magnification. Images of the filters were captured with a Nikon
DS-Fi3 digital camera and processed using NIS Elements software (version 4.6). MP abundance
was reported as the number of particles per kilogram of dry soil, based on manual counting

across the total filter surface.

2.4  Laboratory Contamination Prevention and Recovery Tests

To ensure the quality and control of the described procedure, soil samples collected in
the field were stored in glass jars, and all materials used in the analysis were made of glass and
rinsed with a disinfectant solution (filtered distilled water and 30% ethanol) to prevent
contamination. Additionally, researchers wore nitrile gloves and cotton clothing, and laboratory
access was restricted to minimize external contamination.

As part of data quality control and to detect potential contamination, the MP extraction
process was also applied to five control samples without soil, which were stored in petri dishes
and inspected at the end of the analysis (Corradini et al., 2019; Weber et al., 2021).

To assess methodological accuracy, recovery tests were conducted using four clean soil
samples from the study area, along with low-density polyethylene (LDPE) and polyvinyl
chloride (PVC). The results showed LDPE recovery rates ranging from 81.0% to 98.8%, while
PVC recovery rates varied between 59.7% and 75.2% (Arevalo-Hernandez et al., 2025b).

2.5  Abundance and spatial distribution of microplastics

As previously mentioned, a total of 91 soil samples were collected across the study area,

each consisting of three sub-samples taken approximately 70 cm apart to ensure
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representativity. Regarding land use distribution, 19 samples were collected in the forest area,
27 in the grassland area, and 45 in the agricultural area.

Subsequently, the abundance of MP was determined and recorded as the number of
pieces per kilogram of dry soil by counting isolated MP particles retained on filter paper. The
counting was performed using a Nikon Eclipse Ni microscope with 10x magnification.
Equation 1 presents the calculation in terms of kilograms of dry soil, where N; represents the

number of plastic particles in 10 g of dry soil, and fi is the conversion factor to hectares (1000

g'kg™).

X fi (Equation 1)

Abundance [pieces] = N

kg " 10 g solo seco

2.6  Geostatistical analysis of microplastics

The geostatistical analysis of the data was conducted based on an adaptation proposed
by Scalon (2024), comprising five stages. The first stage involved exploratory analysis using
descriptive statistics to identify outliers, trends, data distribution shapes, and to assess normality
through visual inspection of the plots. In the second stage, the spatial dependence of the data
was analyzed as a function of distance. To achieve this, the robust empirical semivariogram by
Cressie and Hawkins (1980) was applied, due to the presence of outliers.

This semivariogram can be estimated using Equation 2, where y(h) represents the
empirical variogram estimator, h is the distance vector (magnitude and direction) between pairs
of observations, |[N(h)| denotes the number of paired observations corresponding to the distances
analyzed, and Z(Si1) and Z(S;j) are the data values at the spatial locations Si and Sj, respectively.
Empirical semivariograms were computed under the assumption of intrinsic stationarity in four

different directions to assess the presence of anisotropy.

1 0574
———— i henm)|Z(SD-Z(S)|”
y(h) = {ZlN(h)l 0,088 } (Equation 2)

0,914+ N

For the application of the geostatistical model, it is necessary to assume that it meets the
intrinsic  stationarity condition and does not exhibit anisotropy, as the theoretical

semivariograms used to construct the Kriging maps are based on isotropic models.
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The third stage involved fitting the theoretical semivariogram to the empirical
semivariogram using a continuous function. The Gaussian, exponential, and spherical models
were fitted to estimate the parameters, including nugget effect (C0), contribution (C1), sill (CO
+ C1), and range (a), as described by Ferraz et al. (2012) and Scalon (2024). To select the best
model, the spatial dependence index (IDS) and the Akaike Information Criterion (AIC) were
used (Ferraz et al., 2019; Scalon, 2024; Zanzarini et al., 2013).

In the fourth stage, data interpolation was performed using the ordinary kriging predictor
to estimate MP values at unsampled locations. The result of this stage is a map depicting the
spatial distribution of MP abundance across the study area. The ordinary kriging predictor is

given by Equation 3.

Z(So) = m(So) + Xiz1 AilZ(S) —m(Sp)] (Equation 3)

Where SO is the vector with the prediction locations, m(S0) are the expected values for
the prediction locations, and the observed values are denoted by E A, which are the kriging
weights assigned to each observed value of Z(Si) (Scalon, 2024). The interpolated maps can be
converted into raster-type images and plotted in QGIS software for editing and analysis.

Finally, the fifth stage consists of performing cross-validation to assess the overall
geostatistical prediction process. The comparison of predicted values with actual data can be
done using the coefficient of determination (R?) and square root of mean squared residuals
(RQMR).

The statistical and geostatistical analyses were performed using the R computational
system (R Core Team, 2024) and the gstat and geoR libraries (Pebesma, 2004; Ribeiro et al.,
2024). The maps were obtained using QGIS software (QGIS Development Team, 2024). The
maps were generated in flat coordinates (Universal Transverse Mercator UTM) in zone 23S,
which encompasses the Lavras region in Minas Gerais, Brazil. For figure plotting, Origin Pro

software (OriginPro Lab Corporation, 2024) was used.
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3. RESULTS AND DISCUSSION

3.1 Abundance of microplastics in the soil

In most research on microplastics (MP) in soil, average abundance was reported as the
number of particles per unit mass of soil (e.g., pieces kg™ soil). Their spatial distribution is
typically represented on a point-by-point basis for each sampled site, as illustrated in the maps
by Rafique et al. (2020), and Akca et al. (2024). On the other hand, Zhou et al. (2023) and
Hossain et al. (2024) developed maps to locate sampling sites and depict the spatial distribution
of MP within the study area, without specifying the interpolation method used.

In our study, MP smaller than 2 mm were extracted using the density separation method
and detected in all 91 georeferenced soil samples collected within the 0-20 cm soil profile.
Subsequently, an interpolated map was generated to predict the spatial distribution of MP in a
typical agricultural environment in southeastern Brazil.

The results showed an average abundance of MP of 3,826 and variation between (1,000
to 7,400), 2,553 (1,000 to 4,700), and 3,407 (600 to 7,300) pieces kg™ for the land uses in forest,
grassland, and agricultural, respectively, without showing significant differences between the
different uses (Figure 2).

However, MP abundance was higher in forest and agricultural soils compared to
grassland soils. Zhang et al. (2022) reported a similar pattern, with a higher concentration of
MP in agricultural soils than in grassland soils. In contrast, Wang et al. (2025) found that MP
abundance in agricultural soils was twice as high as in grassland soils and three times higher
than in forest soils, attributing this difference to intensive agricultural activities such.

These findings suggest that agricultural areas tend to exhibit the highest MP
concentrations compared to forests and grasslands, indicating greater soil contamination by MP

due to the use of plastic products in agricultural practices.
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Figure 2. Analysis of the variation in the abundance of microplastics isolated by land use, from
the 0 - 20 cm layer. Shown as violin graphs (pieces. kg™!), values at the extremes of each box
are the minimum and maximum MP abundance for each land use. The diagrams display data
distribution, with the whiskers indicating the extreme values, while the lower and upper edges
of the boxes represent the first and third quartiles, respectively. The line inside the boxes
corresponds to the median, and the mean is highlighted by a blue box.

To contextualize our results, a review of scientific articles on MP abundance in soils was
conducted, compiling reported average values from various studies (Table 1). This table
includes the country or region of the study, land use type, and the minimum and maximum
ranges of MP abundance. During this analysis, significant heterogeneity in the reports was
observed, a challenge previously highlighted by Wrigley et al., (2024), who emphasized the
need to standardize sampling protocols and MP separation methods in soils to enhance data
comparability and accuracy.

This finding underscores the importance of establishing a classification system to
compare MP concentrations in soil, categorizing them into low, medium, and high concentration
levels. Wrigley et al., (2024) proposed a preliminary approach to this classification, analyzed
89 studies on MP in soils covering 553 sampling sites, and reported a minimum concentration

of 0 pieces kg™' and a maximum of 72,200 pieces kg '. Additionally, the study mentions that
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the global average is 2,900 + 7,600 pieces kg™', a value that falls within the range of our results

(Table 1).

Table 2. Locations, land uses, ranges, and averages of the values of the abundance of MP in the
soil as reported by different authors.

Country, city, and
region

Land use*

Abundance

Range Average **

(pieces kg')

Source

Shanghai, China

Mellipilla county
Chile

Lahore, Pakistan

Suburbs of Wuhan
China

Shandong Province
China

Suburb of Beijing
China

Zhuanglang
County, China

Bangladesh

Qinghai-Tibet

Buenos Aires
Argentina

Rhineland-
Palatinate,
Germany

Northern China

Lavras MG
Brazil

vegetable farmlands

Agricultural soil

Agricultural
Public Parks
house lawns
industrial areas
drains, roadsides

Vegetable farmlands

Vegetable
agricultural soils

Greenhouse
Agricultural soils
Woodland
Potato

Orchard

Wheat

Agricultural land

Agricultural soils

Horticultural soil

Viticulture farmland
soil

Legumes
Farmland soil

Forest
Grassland
Farmland

N.A. 78

18 to 41 34

1,750 to

12,200 4,483

320 to 12,560 2.020
310 to 5,698 1,444
500 to 1,240 891
1383.3
21272
N.A. 1335.9
1324.6
N.A. 2.13 x 10%
6 to 444 86
27 to 69 43
400 to 13,000 4.200
1,600 to 11,058
36,200
3,826
600 to 7,400 2553
3,407

(Liu et al., 2018)

(Corradini et al.,
2019)

(Rafique et al.,
2020)

(Chen et al.,
2020)

(Yu et al., 2021)

(Wang et al.,
2022)

(H. Zhang et al.,
2022)

(Hossain et al.,
2023)

(Zhou et al.,
2023)

(Berenstein et
al., 2024)

(Klaus et al.,
2024)

(La et al., 2024)

Authors (2025)

Note: NA = Not Available, * Microplastics extracted using the density separation method.
** Microplastics collected from the 0-20 cm soil profile

Analyzing the results in Table 1, the presence of MP was evident in all study areas,

influenced by human activities in both rural and urban environments. The heterogeneity of MP
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abundance across studies is also notable, suggesting that agricultural activities may be a
significant source of soil MP contamination (Rafique et al., 2020).

For example, Zhou et al. (2023) reported a range of MP from 6.0 to 444 pieces kg™!, with
an average of 86 pieces kg™ in agricultural soils. In contrast, La et al. (2024) found that MP
abundance in agricultural soils specifically used for legume cultivation ranged from 1,600 to
36,200 pieces kg™, with an average of 11,058 pieces kg™'. Similarly, Zhang et al. (2022) reported
that the amount of MP found in soils used for potato cultivation was significantly higher (2,127
pieces kg™!) compared to other land uses studied.

A related review by Cai et al., (2024) proposed a preliminary classification of MP
contamination in agricultural soils into four categories: micro contamination (<400 pieces kg
1, light contamination (400 to 4,000 pieces kg'!), moderate contamination (4,000 to 40,000
pieces kg!) and heavy contamination (>40,000 pieces kg'!). Based on this classification, our
results indicate an average level of light MP pollution, providing a useful reference for
comparison in future studies.

The heterogeneity in the concentration of MP in agricultural soils is due to different
agricultural activities, including sewage sludge application, fertilizer use, mulch film use,
atmospheric deposition, and irrigation with water from wastewater treatment plants (Wang et
al., 2020). These practices can introduce MP of different sizes and compositions into the soil,
resulting in varying concentrations (Li et al., 2021), with significant implications for soil health
and food security (De Bhowmick et al., 2021), altering nutrient availability and soil structure,
and affecting soil fertility (La et al., 2024).

Other explanations for the heterogeneity of MP concentrations in soils include
environmental factors, terrain characteristics, and soil properties. For example, soil texture,
structure, and porosity can affect MP retention and migration (Yang et al., 2022). Topography,
vegetation, bulk density, and biological activity (such as bioturbation by soil organisms) play
important roles in the distribution of MP (Corradini et al., 2019; Li et al., 2021). Finally, the
variability in the spatial distribution of MP can be influenced by factors such as the topographic
conditions of the site or specific locations characterized by practices with higher plastic use.
These "hot spots" can significantly increase the concentrations of MP in soil, as will be analyzed

below.
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3.2 Spatial distribution of microplastics

The spatial distribution of the 91 sampling points is illustrated in Figure 3, where
different shapes and colors represent four ranges of MP abundance. Blue circles correspond to
the first quartile (600-2,300 pieces kg™), indicating the lowest MP concentrations. Green
triangles represent the second quartile (2,300-3,100 pieces kg™'). Crosses denote the third
quartile, with values ranging from 3,100 to 4,250 pieces kg'. Finally, 'x' marks indicate the
highest MP abundance values, corresponding to the fourth quartile (4,250-7,400 pieces kg ™).
Figures 3b and 3c show the spatial trend of the data in a north-south and east-west direction,
respectively, where it can be seen that neither figure has a linear trend, indicating that the
stochastic process may be stationary (Scalon, 2024). Finally, the histogram in Figure 3d shows

that the abundance of MP in the region approximately follows a normal distribution.
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Figure 3. Spatial distribution of microplastic abundance by quartiles: (a) quartile classification,
(b) trend along the y-axis, (c) trend along the x-axis, and (d) histogram. Blue circles indicate
the first quartile (600-2,300 pieces-kg '), green triangles the second (2,300-3,100), crosses the
third (3,100—4,250), and 'x' marks the fourth quartile (4,250-7,400), representing the highest
concentrations.
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The theoretical semivariogram model was first determined and then fitted to the
empirical omnidirectional robust semivariogram (Figure 4), represented by dots, along with the
fitted models, shown as solid lines. The fitting was performed using the weighted least squares
estimator (WLS2) proposed by Cressie, (1985). The results indicate spatial dependence up to a
maximum distance of approximately 350 m. The estimated parameters for each fitted model,

along with the selection criteria for the best model, are presented in Table 2.
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Figure 4. Empirical semivariograms (dots) and model fit (solid lines) Spherical, Gaussian, and
Exponential of MP abundance data (pieces kg-1) at soil depth 0-20 cm in the micro-watershed.

The best model is the one with the lowest values of Akaike's information criterion (AIC),
root mean square residuals (RQRM), and spatial dependence index (SDI) (Scalon, 2024). Thus,
according to the results shown in Table 2, the Gaussian model has the lowest AIC and RQMR
values, so it seems to be the best model to explain the spatial dependence of the data, and

therefore its estimated parameters will be used to obtain the ordinary kriging weights.
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Table 3. Models and parameter estimate of the experimental semivariograms for MP abundance
in the 0-20 cm layer.

Parameter Model

Gaussian Exponential Spherical
Nugget effect (Co) 0.0 0.0 0.0
Contribution (C1) 2546970 2637916 2581012
Sill (Co + Cy) 2546970 2637916 2581012
Range (a) 56.51 51.03 140.88
AIC -55.93 -56.17 -68.13
SDI 0.0 0.0 0.0
R? 0.123 0.125 0.122
RQMR 341573 362828 805292

Note: Akaike information criterion (AIC), spatial dependence index (SDI), coefficient of
determination (R?), Square root of mean squared residuals (RQMR).

Continuing with the geostatistical procedure, Figure 5 shows the Ordinary Kriging map
of the spatial distribution of MP in the 0 to 20 cm layer. The predicted minimum and maximum
values of MP are 600 to 7,400 pieces kg™!, respectively, and show great variability in the
abundance of MP in the study region. It is important to emphasize that this research presents a
methodology for predicting the spatial abundance of MP in soil, with results different from the
typical point distribution of MP. Figure 5 shows that the areas with the highest abundance of
MP are located in forest and agricultural areas, especially near urban areas and highways, and
in low-lying areas where precipitation runoff converges.

Local agricultural practices, such as the application of polymer-coated fertilizers, the
handling of plastic covers, and the improper disposal of plastic materials, contribute to the
accumulation of MP in agricultural soils. These materials gradually degrade through biotic and
abiotic processes, releasing significant amounts of MP into the environment (Hossain et al.,
2024; La et al., 2024).

Furthermore, several studies have indicated that urbanization and anthropogenic
activities increase soil contamination by MP (Amjad et al., 2023). In this regard, the study by
Prajapati et al. (2023) demonstrates that MP abundance in agricultural soils is significantly
higher in areas near residential zones compared to commercial or industrial areas, as nearby
population density directly influences contamination levels.

In addition, Ling et al. (2023) studied the occurrence and migration of MP during high-
intensity rainfall in an agricultural watershed in Shaanxi Province, China. 3,710 pieces kg™
were detected in the sediments, and the number of MP trapped by the check dam was estimated
to be 6,140 x 10! pieces. Their conclusions indicated that high-intensity rainfall can

significantly affect the migration of MP, transporting them to lower areas of the watershed
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where they tend to accumulate with the sediments. The evidence above-mentioned supports the

identification of "hot spots" of the abundance of MP, as shown on the map in Figure 5.

501000.0E 502000.0E

NO'0009592

Abundance de Microplastic
{pieces. kgﬂ)
7400

NO'0005592

Figure 5. Map of the spatial distribution of microplastics (pieces kg™!) in the study area, obtained
from the Gaussian model and interpolation by ordinary Kriging.

In this study, MP particles were found throughout the farm regardless of land use (forest,
grassland, and agricultural). It should be noted that due to the lack of standardized methods, the
abundance of MP can be influenced by various factors, as shown in Table 1, such as sampling
methods, locations, the way MP is isolated from the soil, agricultural activities (Berenstein et
al., 2024), and other natural or anthropogenic factors as described by Zhou et al. (2023b).

For example, studies by Brandes et al. (2021) found high levels of MP in the
northwestern region of Germany due to the high use of sewage sludge, compost, and
plasticulture waste. Some authors suggest that MP in agricultural soils originate from packaging
bags, plastic bottles, and mulch film and that atmospheric deposition of MP is more relevant
for agricultural soils such as grasslands and forests (Zhang et al., 2022). Therefore, it is

suggested that future research should investigate the origin of sources that generate MP in
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agricultural soils, and the effect of terrain and rainfall on the migration of MP, especially in
regions with high soil erosion.

To complete the geostatistical analysis of microplastics, the final step was to cross-
validate the entire geostatistical analysis using the Gaussian model and ordinary kriging. R?
values close to 1 and RMSE values close to zero are expected. Table 2, which shows an R? of
0.125 and an RMSE of 16.3x10°, indicates that there are opportunities to improve the
predictions. Therefore, for future research, we suggest using other models to fit the theoretical
semivariogram, such as maternal, cubic, power, etc. As well as implementing other
interpolation methods, such as universal kriging or co-kriging (Scalon, 2024).

These approaches can improve modeling by incorporating information from data
location coordinates (universal kriging) or information from an external variable correlated with
MP abundance (Scalon, 2024), such as terrain morphology, pH, soil organic matter (SOM), or
physical properties such as bulk density (Souza Machado et al., 2019; Zhang et al., 2022).

3.3 Limitations and Future Research

The analysis of the shape, color, size, and polymer type of microplastics found in the
soil was presented in a separate study, as the primary focus of this research is on MP abundance
and their spatial distribution within the watershed. Our study covered an area of 165 ha,
identifying three land use types representative of tropical regions in southeastern Brazil:
agricultural land, grasslands, and forests.

Expanding research to other representative ecosystems is essential, as well as assessing
the influence of adjacent urban, industrial, and transportation areas on MP concentration and
spatial distribution in the soil. Additionally, the methodology employed in this study only
detected MP smaller than 2 mm, highlighting the need for standardized methods in MP
extraction and classification across the entire size spectrum to enable data comparison across
different regions.

Another important consideration is that this study did not address seasonal and temporal
variations, preventing the assessment of MP contamination dynamics over time, particularly
regarding transport processes driven by wind or water erosion.

Finally, the interpolation methodology applied in this study, which utilized
semivariograms and a kriging predictor to generate spatial distribution maps and predict MP

abundance in the soil, represents an innovative approach and was described in detail to facilitate



125

replication by other researchers. However, implementing additional interpolation models, such

as co-kriging, is recommended to enhance the validation of the geostatistical analysis.

4. CONCLUSIONS

Microplastic particles (MP) were detected in all soil samples across the three land uses
(forest, grassland, and agricultural). Although no significant differences were observed in the
average abundance of MP among the land uses, the average abundance of MP in grassland soils
was lower compared to forest and agricultural areas.

The spatial variability of MP abundance in the 0-20 cm soil depth was also characterized.
The spatial distribution of MP exhibited moderate spatial dependence, which allowed the
construction of the experimental semivariogram fitted with the Gaussian model. This enabled
the mapping of MP abundance using ordinary kriging.

Thus, the application of geostatistics facilitated the creation of a map depicting the MP
abundance across the study area. High MP concentrations were found near highways, in urban
areas, and in low-lying regions where rainwater accumulates. Future research should explore
the relationship between land use, landscape patterns, soil properties, and microplastic

characteristics.
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