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Abstract
Research on microplastics (MPs) in soils has been widespread, but their impact on soil quality and the effects of mulching 
duration are still unclear. Therefore, the aim of this study is to determine how MP accumulation in mulched agricultural 
soils affects soil quality across three different mulching durations.  Soil samples were collected from two depths (0–10 
and 10–20 cm) at 15 agricultural sites in Adana, Türkiye, representing mulching durations of 5, 10, and 30 years. Micro-
plastics were extracted using density separation and identified with ATR-FTIR. Soil physical, chemical, and biological 
properties were analyzed, and Soil Quality Index (SQI) was assessed with the Soil Management Assessment Framework 
(SMAF), which considers soil taxonomy, climate class, slope, sampling time, texture, mineralogy, organic matter, and 
analytical techniques to estimate the functional potential of each soil, considering the relevant soil indicators under MP 
accumulation. In this study, the evaluated soil indicators included physical properties such as bulk density (BD), aggre-
gate stability (AS), available water content (AWC), and water-filled pore space (WFPS); chemical properties such as soil 
pH, electrical conductivity (EC), available phosphorus (P), and exchangeable potassium (K); and biological properties 
such as soil organic carbon (SOC), microbial biomass carbon (MBC), and potentially mineralizable nitrogen (PMN). Our 
data showed clear differences in both MPs and SQI across the three mulching periods, allowing the observed patterns 
to be better understood. The results showed that prolonged mulch application substantially increased MP accumulation 
and negatively affected key physical and biological soil indicators. Long-term mulching consistently reduced SQI val-
ues, indicating a cumulative decline in soil health and ecosystem functioning. At 0–10 cm depth, MP abundances were 
69.3 ± 18.2, 64.0 ± 14.39, and 48.0 ± 9.53 particles kg− 1 for short-, medium-, and long-term durations, respectively, while 
at 10–20 cm depth, the values were 37.33 ± 6.18, 48.0 ± 9.75, and 78.66 ± 27.76 particles kg− 1. These depth-specific pat-
terns were accompanied by increases in bulk density (10%), substantial reductions in aggregate stability (48%), nitrogen 
mineralization (24%), and microbial biomass carbon (14%) with increasing plastic use (from S to L) at 0–10 cm depth. 
Overall, these analytical outcomes corresponded with a 17% reduction in SQI under long-term mulch application. These 
findings provide a solid foundation for predicting and monitoring MP contamination in agricultural soils with different 
mulch durations. The main limitation of this study is that, as a field-based investigation conducted under real agricultural 
conditions, it lacks full control over environmental and management variability, which should be considered when inter-
preting the results.
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1  Introduction

Plastics, made from synthetic polymers, are widely used 
across many industries. As industrial activity expands in 
developing regions, plastic waste pollution has become a 
significant issue, with over 6,300 million tons generated by 
2015 (Naz et al. 2024). Increased production and use have 
resulted in detection of higher plastic residues in the envi-
ronment (MacLeod et al. 2021). If current trends continue, 
landfills and natural ecosystems together are projected to 
contain nearly 12 billion tons of plastic waste within the 
next three decades (Geyer et al. 2017). In landfills, this 
accumulation is an expected outcome of waste deposition; 
however, in natural soils, such accumulation is undesirable, 
as plastics can gradually fragment into microplastics (MPs) 
(less than 5 mm) through mechanical abrasion, ultraviolet 
radiation, and microbial activity (Lv et al. 2024). Unlike 
landfill areas, where plastics remain relatively contained, 
MPs disperse widely in natural ecosystems from agricul-
tural soils to aquatic systems and even remote polar regions 
(Akdemir et al. 2025; Isobe et al. 2017). Consequently, the 
threats of MP pollution to ecosystem stability have become 
a major global concern, particularly in terrestrial environ-
ments, where soils act as the primary sink and accumulate 
plastic residues in even greater quantities than the oceans 
each year (Cao et al. 2023; Huffer et al. 2019). However, 
reported concentrations of MPs in mulched soils vary 
widely across regions. Globally, studies have demonstrated 
that agricultural practices, particularly the use of plastic 
mulches, are contributing to elevated MP concentrations in 
soils. An extensive review highlighted that agricultural and 
horticultural sites frequently experience contamination due 
to factors such as sewage sludge application and remnants 
from plastic mulching practices (Büks and Kaupenjohann 
2020). For instance, a study indicated that residues from 
plastic mulches significantly contribute to the abundance of 
MPs in agricultural lands, showing a higher concentration 
of MPs (1412 ± 529 particles kg− 1) in mulched fields com-
pared to control sites (72 ± 41 particles kg− 1) (Kumari and 
Chakraborty 2024). Focusing on the Mediterranean region, 
there is increasing concern regarding the specific impacts of 
MP pollution due to its semi-closed nature, which exacer-
bates the accumulation of pollutants. Research indicates that 
agricultural activities, combined with the unique climatic 
conditions of the Mediterranean, contribute significantly 
to MP burdens within this basin (De Ruijter et al. 2019). 
Coastal ecosystems in the Mediterranean are at risk, as 
studies reveal that these areas can display marked seasonal 
variations in MP concentrations, influenced by hydrological 
factors (Gündoğdu et al. 2025). Events such as heavy rain-
fall and subsequent agricultural runoff can lead to fluctuat-
ing concentrations, where limited water exchange can result 

in higher MP accumulation during dry seasons, mirroring 
trends observed in other regions (Gündoğdu et al. 2025). In 
Türkiye, Akça et al. (2022) reported 75.5–377.3 particles 
kg− 1 in Konya City, whereas in Adana it was ~ 17 particles 
kg− 1 (Gundogdu et al. 2022).

Adana is a major agricultural production center in the 
Mediterranean Region of Türkiye. The extensive use of 
agricultural mulch in the agricultural production locations 
(Akca et al. 2024; Gundogdu et al. 2022) creates locations 
with high concentration of MP contamination. The wide-
spread use of plastic mulch in intensive agricultural sys-
tems has led to increased MP residues in soils. The high 
adoption of plastic mulching is due to enhanced crop pro-
ductivity as it is cost-effective, lightweight, easy to install 
and manage, and durable (Vox et al. 2016). Serrano-Ruiz 
et al. (2021) indicated that plastic mulching also increases 
soil temperature, modifies soil properties, and accelerates 
harvest and crop development. The low recovery rate of 
applied PE mulch has resulted in significant residual film 
pollution in Adana’s soils. Prolonged mulching in agricul-
tural fields increases MP load, which negatively affects soil 
quality (Yang et al. 2021). For this reason, soil-biodegrad-
able mulch films have increasingly been developed, studied, 
and applied as sustainable alternatives to conventional plas-
tics (Hajilou et al. 2024; Payanthoth et al. 2024). However, 
the risks of micro-bioplastic residues from soil biodegrad-
able plastics and their effects on soil quality and biodiver-
sity require further research (Sadeleer and Woodhouse, 
2024; Gündoğdu et al. 2026). The accumulation of MPs in 
soil ecosystems has far-reaching ecological implications, 
extending beyond soil degradation to the broader food web. 
MPs from various sources disrupt water-stable aggregates, 
reduce soil porosity, and alter microbial community struc-
ture (Qi et al. 2020a). These disruptions hinder essential soil 
processes including root growth, water retention, and nutri-
ent cycling and ultimately threaten agroecosystem sustain-
ability (Qi et al. 2018). Soil organisms play a key role in this 
process: micro- and mesofauna, particularly earthworms, 
act as bioindicators of soil health and pollutant accumu-
lation. Recent findings show that MPs and biodegradable 
mulch residues can affect earthworm activity, soil ecotox-
icity, and microbial community composition (Francioni et 
al. 2025), highlighting a direct pathway for MP transfer 
within the soil food web. Moreover, MPs can move upward 
through trophic levels, reaching crops and, ultimately 
humans (Gómez-Pliego et al. 2025; Horton et al. 2017). 
These observations underscore the importance of evaluating 
MP-driven changes using systematic approaches. Assess-
ing soil quality in agricultural soils contaminated with MPs 
has received special interest in environmental management 
and soil science. The Soil Management Assessment Frame-
work (SMAF) provides an effective method for evaluating 
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these effects by integrating key soil quality indicators across 
physical, chemical, and biological properties using non-
linear scoring (Karlen et al. 2013). SMAF considers fac-
tors such as soil taxonomy, climate class, slope, sampling 
time, soil texture, mineralogy, organic matter, and analyti-
cal techniques to estimate the functional potential of each 
soil (Nunes et al. 2020). Previous studies have successfully 
applied SMAF to evaluate management decisions and the 
effects on land use change to maintains sustainability (Celik 
et al. 2021; da Luz et al. 2019; Pacci et al. 2024). SMAF can 
also systematically measure soil function deterioration and 
identify thresholds where soil quality is severely degraded 
in mulched fields with known MP contamination. Soil qual-
ity assessment is essential for understanding how agricul-
tural practices influence soil functions and sustainability. 
Widely used frameworks such as the SMAF, and the Cornell 
Soil Health Assessment (CASH) combine physical, chemi-
cal, and biological indicators to evaluate soil health com-
prehensively. Introducing these internationally recognized 
methods helps contextualize how mulching duration affects 
soil degradation or improvement and aligns local findings 
with global standards (Alaoui et al. 2020; Idowu et al. 2009; 
Vincent-Caboud et al. 2019).

Despite growing interest in MP contamination in agri-
cultural soils, the combined effects of mulching duration 
on MP accumulation and on the integrated physical, chemi-
cal, and biological indicators of soil quality remain insuf-
ficiently understood. Additionally, the relationship between 
MPs in various soil layers and the duration of mulching 

practices has not been adequately investigated (Khan et al. 
2023; Kim et al. 2021; Tian et al. 2025). Accordingly, this 
study addresses the following research question: How does 
the duration of plastic mulch application influence MP accu-
mulation across soil depths, and how do these changes affect 
soil physical, chemical, and biological quality indicators? 
Based on this question, we hypothesized that increasing 
MP accumulation resulting from longer mulch application 
durations would lead to measurable declines in soil physi-
cal, chemical, and biological indicators, ultimately reducing 
overall soil quality.

The present study examines how mulching duration 
affects soil quality focusing on the accumulation of MPs 
from residual mulching materials in fruit and vegetable 
cultivation areas in the Mediterranean Region, Adana, Tür-
kiye. The objectives are to assess: (i) MP distribution across 
mulching durations and soil depths; (ii) how key soil prop-
erties respond to increasing MP loads; and (iii) the relation-
ship among MP accumulation, mulching duration, and soil 
quality indices.

2  Materials and Methods

2.1  Study Area and Sample Collection

The study area is in Adana, located in the Mediterranean 
Region of Türkiye (Fig. 1), and the geographic coordi-
nates and agricultural area sizes of the sampling sites are 

Fig. 1  Location of the sampling 
sites in Adana, Türkiye. Green: 
short duration mulching sites (S), 
blue: medium duration mulching 
sites (M), pink: long duration 
mulching sites (L). Coordinate 
system: WGS 84 / UTM Zone 
36N 
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the Karataş district, are characterized by continuous melon-
watermelon cultivation without crop rotation. In these long-
duration fields, plastic mulch is not removed at the end of 
the season; instead, aged and fragmented mulch remains in 
the soil, as its disintegration makes complete removal dif-
ficult. Conventional tillage with a mouldboard plow (25–30 
cm depth) is carried out at all sampled sites, but at the L sites 
this tillage is performed without prior removal of residual 
mulch pieces, resulting in greater incorporation of frag-
mented plastics into the soil profile.

During July and August 2024, soil samples were col-
lected at two depths (0–10 cm and 10–20 cm), including 
undisturbed samples for soil moisture, porosity, and bulk 
density, and disturbed cores for MP distribution, soil struc-
ture, and routine soil analyses. Undisturbed samples were 
obtained using a cylindrical core (5.0 cm height × 5.1 cm 
internal diameter), and disturbed samples were collected 
with a stainless-steel spade. For each site and each depth 
(0–10 cm and 10–20 cm), three subsamples were collected 
and composited to obtain a representative sample. After 
homogenization, a subsample of 5 kg of fresh soil was 
weighed into glass containers (Gundogdu et al. 2022) and 
stored at 4 °C until analysis.

The soils across the study area were fine-textured, pre-
dominantly classified as clay, silty clay, and clay loam, with 
clay contents ranging from 25% to 74% (Table S2). Accord-
ing to Soil Taxonomy (2022), the soils corresponded to 
Typic Xerofluvent, Chromic Haploxerert, and Typic Calcix-
erept. Typic Xerofluvent, Chromic Haploxerert, and Typic 
Calcixerept soils are located on flat to nearly flat slopes and 
show an AC horizon sequence. Typic Xerofluvent soils are 
young, moderately textured, and highly calcareous; Chro-
mic Haploxerert soils are clay-textured and highly calcare-
ous; and Typic Calcixerept soils are classified as older soils 
with moderate texture and highly calcareous. These char-
acteristics were generally consistent across the short (S), 
medium (M), and long (L) mulching durations.

2.2  Soil Analyses

Standard pre-analysis preparation was carried out on all 
soil samples (air-drying, 2-mm sieving, and homogeniza-
tion), while fresh soils were used for biological analyses. In 
this study, the measured soil indicators included bulk den-
sity (BD), aggregate stability (AS), available water content 
(AWC), water-filled pore space (WFPS), pH, electrical con-
ductivity (EC), available phosphorus, exchangeable potas-
sium, soil organic carbon (SOC), microbial biomass carbon 
(MBC), and potentially mineralizable nitrogen (PMN). 
Detailed descriptions of all analytical methods and their ref-
erences are provided in Table S3.

provided in Table S1. The region has a mean annual tem-
perature of 19.3 °C and an average annual precipitation 
of 667.5 mm (General Directorate of State Meteorology 
Affairs, 2025). The climate is classified as Csa, indicat-
ing a hot-summer Mediterranean climate with dry winters 
(Kottek et al. 2006). Adana has an intensive agricultural 
structure with large, irrigated plains and a high propor-
tion of cropland compared to urban land, which makes it a 
representative area for examining mulch-related MP accu-
mulation. Agricultural lands were selected based on con-
sistent plastic mulch application for approximately 5, 10, 
and 30 years, corresponding respectively to short-duration 
(S), medium-duration (M), and long-duration (L) mulch-
ing. For each duration category, five independent sites were 
sampled, resulting in a total of 15 sampling locations (Fig. 
S1a-c). Short-duration mulching sites (S) were located in 
the Yüreğir district, medium-duration mulching sites (M) 
were distributed across Yüreğir (three sites) and Seyhan 
(two sites), and long-duration mulching sites (L) were 
located in the Karataş district, where typical Mediterranean 
vegetable-based cropping systems dominate. Population 
density varied markedly among the sampling districts, with 
the highest concentration observed in the central district 
of Seyhan, followed by Karataş, which is located closer to 
the city center (Table S1). In contrast, Yüreğir represents 
a transitional zone between urban and rural areas. Within 
Yüreğir, sampling sites located closer to the urban core 
(Yunusoğlu and Hürriyet) were characterized by relatively 
higher population density, whereas sites situated in pre-
dominantly rural areas (Şeyhmurat and Şahinağa) exhibited 
lower population density.

Field interviews and site observations confirmed that 
polyethylene (PE) mulch films are the primary soil-covering 
materials used across all sampling locations, whereas poly-
propylene (PP) has never been employed as a mulching film 
in the region. PP-based items occur only in minor auxiliary 
uses such as bale strings, irrigation accessories, and green-
house fixtures. In S and M sites, PE films are applied at the 
beginning of each growing season and partially removed 
after harvest, though small residues remain due to handling 
and weathering. In L sites, PE has been continuously used 
for approximately 30 years, and aged mulch is no longer 
removed because fragmentation makes complete retrieval 
impractical. A summary of mulch type, mulching duration, 
and years of mulch use characteristics is provided in Table 
S1. In the Adana region, customary agricultural practices 
differ between areas with short-to-medium and long histo-
ries of mulch use. At the S and M sites, plastic mulch is 
typically removed after each growing season, supported by 
regular crop rotations involving watermelon, tomato, pea-
nut, soybean, and cotton. In contrast, the L sites, located in 
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density polyethylene (HDPE), low density polyethylene 
(LDPE), polypropylene (PP), polystyrene (PS), and poly-
ethylene terephthalate (PET) all non-biodegradable poly-
mers showed recovery efficiencies above 86%.

2.4  Evaluation of Soil Quality

The Soil Quality Index (SQI) is a composite metric used 
to quantify soil functioning, and its calculation relies on 
converting measured soil indicators into unitless scores. To 
achieve this, the present study employed the Soil Manage-
ment Assessment Framework (SMAF), which provides a 
standardized scoring system for evaluating soil physical, 
chemical, and biological properties (Andrews et al. 2004). 
SMAF evaluates each soil indicator using non-linear scor-
ing functions that consider soil taxonomy, climate, texture, 
slope, sampling time, and analytical techniques, thereby 
enabling context-specific assessments relevant to conditions 
such as MP accumulation.

In this study, the assessment process involved four steps: 
(i) establishing a dataset of relevant indicators, (ii) normal-
izing the data and generating unitless scores using SMAF, 
(iii) weighting the indicators with the Fuzzy Analytic Hier-
archy Process (FAHP), and (iv) combining the outcome into 
a soil quality index (Gozukara et al. 2022). Following this 
procedure, soil quality was evaluated not only through the 
overall Soil Quality Index (SQI) but also through three com-
ponent indices representing distinct functional domains: the 
physical quality index (PQI), the chemical quality index 
(CQI), and the biological quality index (BQI). The final SQI 
was derived from these component indices.

The SMAF model was applied using major soil indica-
tors widely recognized as sensitive to management impacts 
(Bagavthsingh and Duraisamy 2024; da Silva Souza et al. 
2025; Reis and Dindaroğlu 2024). The selected indica-
tors were classified into three categories: physical (water-
filled pore space-WFPS, aggregate stability-AS, available 
water content-AWC, bulk density-BD), chemical (available 
phosphorus-P, exchangeable potassium-K, soil pH, electri-
cal conductivity-EC), and biological (organic carbon-OC, 
microbial biomass carbon-MBC, potentially mineralizable 
nitrogen-PMN).

All indicator values were normalized into unitless scores 
ranging from 0 to 1 to ensure comparability (Koca et al. 
2019). The soil indicators used in the SQI calculation were 
classified according to SMAF scoring rules, and their cat-
egories are summarized in Table 1. After normalization and 
scoring, the Fuzzy Analytic Hierarchy Process (FAHP) was 
applied to weight the indicators, PQI, CQI, and BQI accord-
ing to Chang (1996). The final FAHP formulation was pre-
sented in Eq. (1).

2.3  Microplastic Extraction

To extract MPs, soil subsamples were dried for 24 h at 60 
°C, weighed, and passed through a 5-mm sieve. From these, 
150 g of sieved soil was weighed into glass beakers, and 
MPs were extracted with saturated NaCl solution (ρ = 1.2 g 
cm−³) (Akca et al. 2024; Gundogdu et al. 2025; Vural et al. 
2025). Saturated NaCl was chosen because of its inertness, 
non-toxicity, cost-effectiveness, availability, and environ-
mental compatibility, making it suitable for extracting low-
density MPs. The solution was added to the weighed soil 
samples (3–5 cm above), stirred with a glass rod, and 12 h 
for density separation. Floating particles were filtered (33 
μm); the process was repeated in triplicate. Organic matter 
was digested with 100 mL of 30% H₂O₂, heated at 70 °C for 
72 h, and filtered through Whatman GF/C filters (1822-047) 
under vacuum (Value-CL VE 135).

2.3.1  Microplastic Particle Identification

Filter-retained MPs were examined using a stereomicro-
scope (Leica S8 AP0, transmitted light, 1.0–8.0× zoom). 
Suspected MPs were isolated, their pictures taken for size, 
shape, and color. The large component of the filtered resi-
dues was scanned from 400 to 4000 cm⁻¹ at a resolution 
of 2 cm⁻¹ with Attenuated Total Reflectance-Fourier Trans-
form Infrared Spectroscopy (ATR-FTIR, Shimadzu IRTrac-
erTM-100, Japan) (Akca et al. 2024). Spectral interpretation 
used Lab Solution IR Software with automatic baseline cor-
rection. The obtained images and scans are presented in Fig. 
S2a–d.

2.3.2  Quality Control and Recovery Test

All laboratory apparatus was cleaned with deionized water 
before each analytical step. A blank sample confirmed the 
absence of laboratory-derived contamination. Plastic-based 
materials were avoided, and the NaCl solution was pre-
filtered to remove impurities. The beakers were stoppered 
during density separation and digestion to minimize con-
tamination. Recovery tests using clean soil spiked with high 

Table 1  Classification of soil indicators used in SQI calculation
Indicator Category Interpretation
AS, AWC, K, SOC, 
MBC, PMN

Physical/Biological More is 
better

BD Physical Less is better
WFPS, EC, pH, P Physical/Chemical Mid-point is 

optimum
AS Aggregate stability, AWC Available water content, K Exchange-
able potassium, SOC Soil organic carbon, MBC Microbial biomass 
carbon, PMN Potentially mineralizable nitrogen, BD Bulk density, 
WFPS Water filled pore space, EC Electrical conductivity, pH Soil 
reaction, P Available phosphorus
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Depth-related variations in soil parameters were analyzed 
using paired-sample t-tests. Statistical significance was 
evaluated at the 95% and 99% confidence levels. Principal 
component analysis (PCA) was employed to investigate the 
relationships between soil quality indices and soil MP abun-
dance. All statistical analyses (normality tests, homogeneity 
tests, ANOVA, Tukey’s HSD, and paired-sample t-tests), 
multivariate analysis (PCA) and figures were performed 
using OriginPro 2024.

3  Results

3.1  Soil Indicators

The impacts of MPs on soil physical properties were primar-
ily observed at the soil surface (Table 2). Available water 
capacity (AWC) differed significantly among mulching 
durations at the 0–10 cm depth (p < 0.05), with the lowest 
values under M and the highest values under L. Depth-
related differences were significant for M and L (p < 0.05). 
Bulk density (BD) increased with mulching duration, with 
higher values under M and L at the soil surface and under 
L at the subsurface (Table 2). BD SMAF scores decreased 
with increasing MP abundance. Significant differences 
between S and L were observed for both measured BD and 
SMAF scores (p < 0.05). Aggregate stability (AS) decreased 
significantly with mulching duration (p < 0.05), with the 
lowest values consistently under L at both depths (Table 
2). Significant depth-related reductions were also detected 
across durations. Water-filled pore space (WFPS) differed 
significantly among mulching durations (p < 0.05; Table 2). 
WFPS increased under M relative to S but decreased under 

µ M (x) =

{ x
m-l -

l
m-l , x ∈ [l, m] ,

x
m-u - u

m-u , x ∈ [m, u] ,
0, otherwise

}
� (1)

Where M is the triangular fuzzy number, x is the data set, l 
is the lower values of M, u is the upper values of M, and m 
is the modal value. When the m and M derivatives are equal 
their outcome is termed crisp number else fuzzy number. 
The overall SQI was calculated based on the outcome of the 
FAHP results (Eq. 2) and the weighted linear combination 
(WLC) method was used to integrate the weighted indica-
tors into a single soil quality index according to Özkan et 
al. (2020),

SQI=
∑ n

i=1
Wi× Si� (2)

SQI represents the soil quality index, W represents the 
weight of an indicator/quality component according to 
FAHP, and S represents the indicator/quality component 
score. The classification ranges for very low (< 40%), low 
(40–55%), medium (55–70%), high (70–85%), and very 
high (> 85%) levels of the physical, chemical, biological, 
and overall soil quality indices were defined according to 
Gugino et al. (2009).

2.5  Statistical Analyses

The Kolmogorov-Smirnov test was employed to determine 
whether the number of plastics followed a normal distribu-
tion, and Levene’s homogeneity of variance test was con-
ducted on the data. Variations among mulching durations 
were analyzed using a one-way ANOVA, and significant dif-
ferences were determined by Tukey’s HSD test at p < 0.05. 

Table 2  Soil physical indicators: measured means, standard errors, and SMAF scores across mulching durations and soil depths. Lowercase letters 
indicate significant differences among treatments (p < 0.05)
Durations Average Measured Values SMAF Scores

AWC BD AS WFPS AWC BD AS WFPS
0–10 cm 0–10 cm

S 10.7 ± 0.42 a 1.24 ± 0.02 b 49.9 ± 4.49 a 25.9 ± 2.80 b 0.48 ± 0.02 a 0.58 ± 0.03 a 0.93 ± 0.04 a 0.67 ± 0.04 ab
M 7.7 ± 1.17 b 1.32 ± 0.03 a 46.4 ± 4.45 a 37.3 ± 4.31 a 0.27 ± 0.06 b 0.53 ± 0.04 a 0.90 ± 0.04 a 0.79 ± 0.05 a
L 12.7 ± 0.37 a 1.37 ± 0.02 a 26.0 ± 4.44 b 21.1 ± 2.31 b 0.51 ± 0.02 a 0.38 ± 0.02 b 0.53 ± 0.07 b 0.61 ± 0.03 b

10–20 cm 10–20 cm
S 12.5 ± 1.33 a 1.33 ± 0.02 b 20.3 ± 3.55 a 34.4 ± 2.34 b 0.51 ± 0.06 a 0.44 ± 0.03 a 0.45 ± 0.10 ab 0.79 ± 0.03 ab
M 9.9 ± 0.52 a 1.36 ± 0.03 b 29.0 ± 3.95 a 44.7 ± 3.59 a 0.38 ± 0.02 a 0.41 ± 0.04 ab 0.66 ± 0.08 a 0.85 ± 0.02 a
L 12.0 ± 0.66 a 1.45 ± 0.02 a 18.0 ± 2.75 a 31.8 ± 1.00 b 0.44 ± 0.03 a 0.32 ± 0.02 b 0.37 ± 0.06 b 0.77 ± 0.01 b
Sdepth ns ** ** ns ns ** ** ns
Mdepth * ns * ns * ** * *
Ldepth ns ** ** ns * * ** **
S short-duration mulching, M medium-duration mulching, L long-duration mulching, ± represents standard errors, * indicates significant 
differences between different depths within the same duration time at p < 0.05 level according to paired sample t-test; ** indicates significant 
differences between different depths within the same duration time at p < 0.01 level according to paired sample t-test; ns, non-significant; AWC 
(%), available water content; BD (g cm− 3), bulk density; AS (%), aggregate stability; WFPS (%), water filled pore space

1 3

2518



Journal of Soil Science and Plant Nutrition (2026) 26:2513–2528

spatial heterogeneity. A moderate decrease in available P 
was observed under S (p < 0.05). Exchangeable K increased 
at the soil surface with increasing mulching duration, while 
subsurface values remained stable (Table 3).

Soil biological properties also varied with mulching dura-
tion (Table 4). Soil organic carbon (SOC) increased signifi-
cantly at the subsurface under L (p < 0.05), with measured 
values increasing in the order S < M < L. SOC SMAF scores 
decreased slightly from S to L at both depths. Microbial 
biomass carbon (MBC) differed significantly among dura-
tions (p < 0.05; Table 4), with values ordered as S > M > L at 
both depths. Surface SMAF scores remained close to 1.00. 
Potentially mineralizable N (PMN) decreased under M 
and showed higher values under L at the surface (p < 0.05), 
while subsurface PMN increased progressively from S to L 
(Table 4).

L at both depths. SMAF scores increased significantly for 
M and L (p < 0.05).

Soil pH showed only minor variation among mulching 
durations (Table 3). All values remained within a narrow 
alkaline range (8.09–8.23) and given the absence of MP-
free control soils, these small differences likely reflect natu-
ral spatial variability. A slight but significant increase was 
observed only under L (p < 0.01). Electrical conductivity 
(EC) increased significantly with mulching duration at the 
soil surface (Table 3), whereas subsurface values remained 
within a narrower range. Significant depth differences were 
detected for S and M (p < 0.05). Available P at the subsurface 
increased significantly with mulching duration (p < 0.05; 
Table 3). SMAF scores were highest under L. Because soil 
P can vary considerably over short distances and no con-
trol soil was available, these differences may partly reflect 

Table 3  Soil chemical indicators: measured means, standard errors, and SMAF scores across mulching durations and soil depths. Lowercase letters 
indicate significant differences among treatments (p < 0.05)
Durations Average Measured Values SMAF Scores

pH EC Available P Exchangeable K pH EC Available P Exchangeable K
0–10 cm 0–10 cm

S 8.23 ± 0.04 a 0.21 ± 0.02 b 5.05 ± 0.22 a 266 ± 8.7 b 0.73 ± 0.01 ab 0.66 ± 0.06 b 0.74 ± 0.04 b 1.00 ± 0.00 a
M 8.17 ± 0.05 a 0.27 ± 0.03 ab 5.71 ± 0.88 a 269 ± 21.5 b 0.65 ± 0.05 b 0.79 ± 0.07 ab 0.71 ± 0.05 b 0.96 ± 0.02 a
L 8.09 ± 0.04 a 0.30 ± 0.02 a 6.26 ± 0.35 a 324 ± 13.9 a 0.77 ± 0.01 a 0.87 ± 0.05 a 0.88 ± 0.01 a 1.00 ± 0.00 a

10–20 cm 10–20 cm
S 8.23 ± 0.05 a 0.24 ± 0.03 a 4.62 ± 0.24 b 249 ± 12.5 a 0.73 ± 0.01 a 0.74 ± 0.06 a 0.67 ± 0.05 b 0.99 ± 0.00 a
M 8.20 ± 0.06 a 0.21 ± 0.01 a 5.46 ± 0.82 ab 260 ± 21.3 a 0.64 ± 0.06 a 0.72 ± 0.05 a 0.68 ± 0.06 b 0.98 ± 0.01 a
L 8.21 ± 0.04 a 0.30 ± 0.03 a 6.75 ± 0.36 a 299 ± 21.9 a 0.74 ± 0.01 a 0.81 ± 0.06 a 0.90 ± 0.01 a 0.98 ± 0.01 a
Sdepth ns * ** ** ns ** * ns
Mdepth ns * ns ns ns * ns ns
Ldepth ** ns ns ns ** ns ns ns
S short-duration mulching, M medium-duration mulching, L long-duration mulching, ± represents standard errors, * indicates significant differ-
ences between different depths within the same duration time at p < 0.05 level according to paired sample t-test; ** indicates significant differ-
ences between different depths within the same duration time at p < 0.01 level according to paired sample t-test; pH, soil reaction; EC (dS m− 1), 
electrical conductivity; Available P (mg P kg− 1), available phosphorus; Exchangeable K (mg K kg− 1), exchangeable potassium

Table 4  Soil biological indicators: measured means, standard errors, and SMAF scores across mulching durations and soil depths. Lowercase let-
ters indicate significant differences among treatments (p < 0.05)
Durations Average Measured Values SMAF Scores

SOC MBC PMN SOC MBC PMN
0–10 cm 0–10 cm

S 1.06 ± 0.05 a 834 ± 38.4 ab 35.4 ± 4.2 a 0.52 ± 0.09 a 0.97 ± 0.01 a 0.86 ± 0.06 a
M 1.11 ± 0.06 a 931 ± 70.2 a 19.6 ± 3.5 b 0.49 ± 0.08 a 1.00 ± 0.00 a 0.45 ± 0.11 b
L 1.24 ± 0.06 a 717 ± 38.3 b 26.9 ± 5.4 ab 0.27 ± 0.04 a 0.99 ± 0.00 a 0.48 ± 0.12 b

10–20 cm 10–20 cm
S 0.97 ± 0.04 b 667 ± 32.3 ab 15.7 ± 1.2 a 0.47 ± 0.09 a 0.99 ± 0.00 a 0.46 ± 0.09 a
M 1.13 ± 0.06 ab 819 ± 54.6 a 18.7 ± 2.3 a 0.48 ± 0.09 a 1.00 ± 0.00 a 0.57 ± 0.10 a
L 1.21 ± 0.06 a 540 ± 38.9 b 29.8 ± 6.6 a 0.26 ± 0.04 a 0.96 ± 0.01 b 0.50 ± 0.12 a
Sdepth ns ** ns ** ns **
Mdepth ns * ns ns ns ns
Ldepth * ** ns ns * ns
S short-duration mulching, M medium-duration mulching, L long-duration mulching, ± represents standard errors, * indicates significant differ-
ences between different depths within the same duration time at p < 0.05 level according to paired sample t-test; ** indicates significant differ-
ences between different depths within the same duration time at p < 0.01 level according to paired sample t-test; ns, non-significant; SOC (%), 
soil organic carbon; MBC (mg C kg− 1), microbial biomass carbon; PMN (mg NH4

+-N kg− 1 28d− 1), potential mineralizable nitrogen
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3.2  Indicator Weights and Soil Quality Index

Physical quality contributed the most to overall soil qual-
ity (0.449), followed by biological (0.351) and chemical 
quality (0.200) (Table S4, Table S5). Within physical qual-
ity, BD and AWC had 0.338 and 0.337, relative to 0.053 
obtained in WFPS. For chemical quality, soil pH > EC hav-
ing 0.446 and 0.056, respectively. Among the biological 
indicators, SOC had the highest weight at 0.567, and PMN 
the lowest at 0.077.

The PQI decreased significantly (p < 0.05) with increas-
ing plastic mulch duration (L < M < S; Fig. 2a). At the soil 
surface, the PQI was classified as medium under S, whereas 
it was low under both M and L, corresponding to 14% and 
26% declines compared to S. In the subsurface, the PQI 
was classified as low under both S and M, but decreased to 
very low under L, indicating a 19% decline compared to S. 
PQI degradation at the surface was continuous with longer 
mulch duration, whereas subsurface effects appeared only 
after extended exposure. Furthermore, the CQI differed sig-
nificantly (p < 0.05) (Fig. 2b). At the surface, the CQI was 
classified as high under S and M but very high under L. 
In the subsurface, all treatments remained within the high 
class, with L showing the greatest improvement. Overall, 
CQI increased by 10% and 6% for L and M, respectively, 
compared to S across both depths. The BQI decreased sig-
nificantly at 0–10 cm soil depth (L < M < S; Fig. 2c), being 
classified as high under S, medium under M, and low under 
L, corresponding to a 23% reduction for L, compared to S. 
This reduction was gradual and only observed during the L 
duration. At the subsurface, the BQI was medium under S 
and M, but decreased to low under L, and MP amount and 
type did not significantly impact BQI, as opposed to PQI 
and CQI. The durations of MP significantly reduced SQI 
(p < 0.01) across soil depths (L < M < S; Fig. 3). At the sur-
face, SQI declined progressively with longer MP duration, 
being classified as medium under all treatments, with 9% 
and 17% decreases for M and L, respectively, compared to 
S. At the subsurface, SQI remained medium under S and 
M but decreased to low under L, corresponding to a 12% 
reduction relative to S.

3.3  Microplastic Abundance and Polymer 
Identification

Across all samples, 259 of 283 particles (91.5%) were 
confirmed as MPs. Surface MP abundance decreased with 
increasing mulching duration (S > M > L, p < 0.05), whereas 
subsurface abundance showed the opposite trend (L > M > S, 
p < 0.05; Fig. 4a). The distribution of MPs differed signifi-
cantly between soil depths and mulching durations (p < 0.05; 
Fig. 4b). ATR-FTIR analysis identified two polymer types: 

Fig. 2  Box plot showing soil physical, chemical, and biological qual-
ity. Different letters represent significant differences among different 
treatments (p<0.05). S, short-duration; M, medium-duration; L, long-
duration; Bars represents standard errors; * indicates significant dif-
ferences between different depths within the same duration time at 
p<0.05 level according to paired sample t-test; ** indicates significant 
differences between different depths within the same duration time at 
p<0.01 level according to paired sample t-test; ns, non-significant; a) 
PQI, physical quality index; b) CQI, chemical quality index; c) BQI, 
biological quality index
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PC1 and PC2 accounted for 57.22% and 19.72% of the vari-
ance (76.93%; Fig. 5b). SQI and BQI again had the strongest 
positive loadings on PC1, while CQI and MP count loaded 
negatively. For PC2, CQI had the main positive loading, and 
PQI had the main negative loading.

4  Discussion

MP accumulation under different mulching durations cre-
ates progressive alterations in soil functioning and under-
standing how these changes evolve over time is essential 
for interpreting soil quality responses. Our results showed 
that MP abundance at the soil surface decreased with 
duration, while subsurface accumulation increased, sug-
gesting that MPs gradually migrate downward through 
tillage, irrigation, and fragmentation processes (Akça et 
al. 2022; He et al. 2018; Rillig et al. 2017b). This depth-
dependent shift indicates that MP effects are not static but 
transition from surface-driven interactions to deeper soil 
layers over the long term, reflecting the cumulative nature 
of plastic aging and redistribution. This redistribution 
forms the foundation for understanding how MPs influ-
ence physical, chemical, and biological indicators of soil 
quality across different mulching durations. In addition 
to downward transport processes, the observed temporal 
decrease in MP abundance at the soil surface may also 
be partially explained by wind-driven horizontal redistri-
bution (Ockelford et al. 2025). Recent experimental and 
field-based studies have demonstrated that MPs, particu-
larly low-density polymers and fibrous morphologies, 
are highly susceptible to aeolian entrainment and can be 
preferentially transported relative to mineral soil particles 

polyethylene (98.6%) and polypropylene (1.4%) (Fig. S2b, 
Fig. S2d).

3.4  PCA of Soil Quality Indices and their 
Relationship with Microplastic Abundance

In surface soil, PC1 and PC2 explained 51.24% and 19.74% 
of the total variance (70.97%; Fig. 5a). SQI and BQI had the 
highest positive loadings on PC1, while CQI loaded nega-
tively. For PC2, CQI had the highest positive loading, and 
PQI had the highest negative loading. In subsurface soil, 

Fig. 4   (a)Violin plot showing total abundance of MPs in soils of dif-
ferent soil depths and mulch application duration (b) Sankey diagram 
showing the distribution of soil MPs between soil depths and mulch 

application duration (left side; short: S, medium: M, and long duration: 
L) and soil depth (right side; in cm)

 

Fig. 3  Soil quality index. Different letters represent significant differ-
ences among different treatments (p<0.05). S, short-duration mulch-
ing; M, medium-duration mulching; L, long-duration mulching; Bars 
represents standard errors; * indicates significant differences between 
different depths within the same duration time at p<0.05 level accord-
ing to paired sample t-test; ** indicates significant differences between 
different depths within the same duration time at p<0.01 level accord-
ing to paired sample t-test; ns, non-significant; SQI, soil quality index
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desiccation cracks in the soil (Wan et al. 2019) and increase 
hydrophobicity (Wang et al. 2023), generating preferential 
flow pathways that reduce available water content (AWC). 
In contrast, finely milled or strongly aged MP particles 
may increase soil water content by occupying micropores 
(de Souza Machado et al. 2019). At short durations, large 
undegraded MP fragments may occupy soil macropores and 
dilute the soil matrix due to their lower density (de Souza 
Machado et al. 2019), while increasing MP content gener-
ally increases bulk density (BD) (de Souza Machado et al. 
2019; Lozano et al. 2021; Wang et al. 2022). With longer 
exposure, MPs also contributed to the breakdown of water-
stable aggregates (WSA) (Boots et al. 2019), fracturing of 
microaggregates (Lozano et al. 2021; Zhao et al. 2021), and 
reductions in pore space, resulting in greater bulk density 
(BD) (Acar et al. 2025b). Although agricultural cultivation 
alone may increase bulk density (BD) (de Souza Machado 
et al. 2019), conservation practices such as no-till systems, 
cover cropping, residue retention, and organic amendments 
can counteract this effect (Diacono and Montemurro 2011; 
Díaz-Zorita et al. 2004; Gao et al. 2016; Yost et al. 2022). 
Over time, MP particles became embedded within soil 
pores, disrupting aggregate formation processes (de Souza 
Machado et al. 2019) and altering the microbial aggregate 
interactions that support soil structural stability (Rillig et al. 
2017b). Improvements in water-filled pore space (WFPS) 
observed during the medium duration reflect temporary 
clogging and sieving of MP particles within macropores 
(Dong et al. 2022; Guo et al. 2022; Rillig et al. 2017a; 
Zhao et al. 2021). However, as particles became smaller 
and entered micropores, water-filled pore space (WFPS) 
declined in the long term (Boots et al. 2019; Shafea et al. 
2023; Wang et al. 2024). Altogether, these results illustrate 
that MPs progressively alter soil physical structure, initially 

(Tian et al. 2022; Bullard et al. 2021; Rezaei et al. 2019, 
2022). Wind tunnel experiments and natural storm obser-
vations have shown that MP concentrations in wind-
eroded sediments can be enriched by one to two orders of 
magnitude compared to source soils, indicating efficient 
removal of MPs from surface layers (Rezael et al., 2019; 
Ockelford et al. 2025). Agricultural soils, especially under 
dry and disturbed conditions, have therefore been identi-
fied as dynamic secondary sources of airborne MPs rather 
than passive sinks (Rezaei et al. 2022). Moreover, fibers 
have consistently been reported as the dominant MP shape 
in wind-blown dust, reflecting their high aerodynamic 
mobility and propensity for long-range transport. In this 
context, the reduction of surface MP abundance observed 
in the present study cannot be attributed solely to vertical 
migration into deeper soil horizons but may also reflect 
lateral export from sampling sites via wind erosion and 
atmospheric transport. This highlights the need to con-
sider aeolian processes alongside tillage and irrigation 
when interpreting temporal changes in surface soil MP 
inventories (Tian et al. 2022; Bullard et al. 2021; Rezaei 
et al. 2019, 2022; Ockelford et al. 2025).

The impact of MPs on soil physical conditions changed 
substantially over time, reflecting the combined influence 
of particle size, density, and degree of aging. In the medium 
mulching duration, MPs reduced available water content 
(AWC) at the soil surface by increasing bulk density (BD) 
and decreasing aggregate stability (AS), soil organic mat-
ter (SOM), and water-filled pore space (WFPS) (Wang 
et al. 2024). As MPs migrated from the 0–10 cm layer to 
the 10–20 cm layer and fragmented into smaller particles 
(Akca et al. 2024; Akça et al. 2022; Rillig et al. 2017b;), 
their influence on available water content (AWC) became 
less pronounced over time. Larger MP fragments can create 

Fig. 5  Principal component analysis of soil quality indices and MP abundance at different soil depths: (a) 0-10 cm and (b) 10-20 cm. SQI, soil 
quality index; PQI, physical quality index; CQI, chemical quality index; BQI, biological quality index; MP, microplastic abundance
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(Rillig et al. 2021; Zhang et al. 2022). The effects of MPs 
on biological processes may also vary across land-use 
types (Zhang et al. 2024). Potentially mineralizable nitro-
gen (PMN) decreased under high MP exposure (Meng et 
al. 2022), likely because MP surfaces provide immobili-
zation sites that limit nitrogen transformations (Li and Liu 
2022) and because PE mulch contributes limited nutrient 
value (Liu et al. 2024). As MPs continue to age, shifts in 
microbial community structure may help restore nitrogen 
mineralization potential (Zhang et al. 2022). Together, 
these patterns demonstrate that MPs alter both carbon and 
nitrogen cycling pathways, reshaping soil biological func-
tioning over time.

Integrating these physical, chemical, and biological 
responses through the Soil Quality Index revealed that 
physical indicators particularly bulk density (BD) and 
available water content (AWC) carry the greatest impor-
tance due to their direct roles in regulating soil structure, 
aeration, hydraulic conductivity, and root growth (Acar 
et al. 2025a; Dengiz 2020üş et al. 2022). Chemical indi-
cators showed lower weighting because they respond 
rapidly to management and environmental conditions 
(Dengiz et al. 2020; Kaya and Dengiz 2024), whereas 
pH was the principal indicator shaping chemical qual-
ity (Gozukara et al. 2022; Karaca et al. 2021; Ozlu et 
al. 2022). The Soil Quality Index clearly declined under 
medium and long mulching durations, reflecting reduc-
tions in water-filled pore space (WFPS), aggregate stabil-
ity (AS), and laminar water flow (Jiang et al. 2017; Qi et 
al. 2020b). The convergence of all soil quality compo-
nents into a narrow value range under long-term mulch-
ing suggests that persistent MP accumulation exerts a 
strong cumulative degradation effect.

Long-term mulching resulted in greater MP abun-
dance in both soil layers, consistent with findings that 
extended exposure increases the number of film-derived 
particles without accelerating the rate of degradation (He 
et al. 2018; Huang et al. 2020; Zhang et al. 2016). Verti-
cal translocation of MPs became more significant under 
long-duration mulching, likely enhanced by tillage (Liu 
et al. 2018) and irrigation (He et al. 2018). Within this 
context, PE was the dominant polymer detected, reflect-
ing prevailing mulch usage. Although PP was not used 
as a mulching film in the study area, both PE and PP 
negatively affect soil structure, hydrology, microbial 
activity, and nutrient cycling (Chen et al. 2013; Khoironi 
et al. 2024; Liu et al., 2022; Meyer et al. 2021; Srinidhi 
et al. 2023; Tudor et al. 2019; Xie et al. 2025; Zhang 
et al. 2020). Overall, these results highlight the impor-
tance of considering polymer-specific properties when 
evaluating the ecological risks of MP accumulation in 
agricultural soils.

affecting macropores and later micropores as fragmentation 
advances.

Chemical indicators demonstrated less pronounced 
but still meaningful responses to increasing MP expo-
sure. Baseline soil pH values were unavailable, yet slight 
increases across mulching durations are consistent with ear-
lier reports showing that MPs can raise pH through cation 
exchange alterations, proton consumption during denitri-
fication, or additive leaching (Li and Liu 2022; Liu et al. 
2024; Medynska-Juraszek and Jadhav 2022; Qi et al. 2020a; 
Zhao et al. 2021). Electrical conductivity (EC) increased 
at the soil surface where MP concentrations were highest, 
consistent with observations that moderate-to-high MP con-
tent increases electrical conductivity (EC) (Qi et al. 2020c), 
although lower concentrations or advanced microplastic 
aging may moderate this response (Peng et al. 2025; Zhang 
et al. 2024). Available phosphorus (P) exhibited complex 
patterns: while some studies report that phosphorus avail-
ability is not highly reactive to MP levels (Li et al. 2021), 
soil quality assessments revealed a decline associated with 
increased MP abundance, likely driven by changes in acid 
phosphatase activity (Fei et al. 2020; Liu et al. 2023; Yi et 
al. 2021). MP composition and soil type may also influence 
whether phosphorus availability increases or decreases (Liu 
et al. 2017, 2024; Yan et al. 2021). Exchangeable potassium 
(K) increased at the soil surface, consistent with the leach-
ing effects observed at greater MP concentrations (Yan et al. 
2023), while MPs embedded within aggregates may reduce 
the dispersion of potassium (K) within soil pores (Peng et al. 
2025). Overall, these chemical responses indicate that MPs 
primarily exert indirect effects, mediated through structural 
alteration, changes in enzyme activity, and polymer-specific 
chemical interactions.

Biological responses to MP accumulation further high-
light disruptions to fundamental soil processes. Elevated 
MP levels at the soil surface may alter the C: N ratio and 
limit microbial capacity to degrade MPs (Rillig et al. 
2021). The higher soil organic carbon (SOC) observed at 
subsurface depths may be linked to MP degradation by-
products or the increased stabilization of carbon within 
aggregates (Meng et al. 2022; Zhang et al. 2022). MPs 
can increase soil organic carbon (SOC) at low to mod-
erate concentrations (Liu et al. 2024; Meng et al. 2022), 
although polymer composition plays a key role in deter-
mining whether organic carbon accumulates or declines 
(Peng et al. 2025; Zhang et al. 2024). Microbial biomass 
carbon (MBC) showed divergent responses: short-term 
increases (Liu et al. 2024) followed by declines after 
longer exposure, reflecting habitat degradation and shifts 
in substrate availability. Medium-duration increases in 
microbial biomass carbon (MBC) may result from elec-
tron-shuttling mechanisms associated with MP aging 
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5  Conclusion

This study demonstrates that long-term use of plastic 
mulch initiates a series of mechanistic changes within the 
soil system by altering the movement, fragmentation, and 
incorporation of plastic residues into soil pore networks 
and aggregates. As these fragments migrate downward and 
interact with soil structure, they disrupt water retention, 
reduce aggregate stability, and interfere with microbial pro-
cesses that regulate carbon and nitrogen dynamics. Consis-
tent with these mechanistic disruptions, the findings showed 
a significant decline in soil quality, with the Soil Quality 
Index decreasing by approximately 9% under medium-
duration mulching and 17% under long-duration mulch-
ing, as calculated using the Soil Management Assessment 
Framework model. These pathways explain the observed 
decline in soil functionality under prolonged mulching 
conditions. The findings confirm the initial hypothesis that 
continuous exposure to plastic mulch leads to cumulative 
and adverse impacts on soil health. By showing that plas-
tic fragments persist, age, and redistribute through the soil 
profile, this research reveals that their influence extends 
beyond surface layers and intensifies over time. This mech-
anistic understanding highlights the long-term ecological 
risks associated with plastic residues in agricultural soils. 
The novelty of this work lies in linking field-based plastic 
accumulation patterns with a multidimensional assessment 
of soil physical, chemical, and biological responses under 
real agricultural conditions. These results provide practical 
guidance for farmers and agricultural advisers by empha-
sizing the importance of plastic residue management and 
highlighting the potential benefits of alternative mulching 
materials that reduce long-term plastic buildup. The main 
limitation of this study is that it was conducted under real 
field conditions, where environmental and management fac-
tors could not be fully controlled. To address this limitation, 
future research should focus on controlled experiments and 
long-term monitoring to further clarify how plastic residues 
interact with soil processes under different environmen-
tal and management scenarios. Such work is essential for 
improving remediation strategies and for supporting policy 
decisions aimed at reducing plastic pollution while main-
taining sustainable agricultural production systems.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​4​​2​7​2​9​-​0​
2​6​-​0​3​0​1​0​-​4.

Acknowledgements  This study did not receive any specific funding 
from public, commercial, or non-profit funding agencies. We sincerely 
acknowledge the valuable guidance of Evren Tolga Metiner, Abdullah 
Aşçı, and the participating farmers in identifying areas suitable for our 
research objectives.

1 3

2524

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1134/S1064229324604062
https://doi.org/10.1007/s42729-025-02457-1
https://doi.org/10.1016/j.scitotenv.2023.168609
https://doi.org/10.33409/tbbbd.1185820
https://doi.org/10.33409/tbbbd.1185820
https://doi.org/10.1186/s12302-025-01139-0
https://doi.org/10.1186/s12302-025-01139-0
https://doi.org/10.1007/s42729-026-03010-4
https://doi.org/10.1007/s42729-026-03010-4


Journal of Soil Science and Plant Nutrition (2026) 26:2513–2528

Sci 66:301–315. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​0​3​​6​5​0​​3​4​0​​.​2​0​1​​9​.​​1​6​1​0​8​8​
0

Dengiz O, İç S, Saygın F, İmamoğlu A (2020) Assessment of soil qual-
ity index for tea cultivated soils in ortaçay micro catchment in 
black sea region. J Agric Sci 26:42–53. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​8​3​​2​
/​a​​n​k​u​t​b​d​.​4​6​8​9​0​0

Diacono M, Montemurro F (2011) Long-term effects of organic 
amendments on soil fertility. In: Lichtfouse E (ed) Sustainable 
Agriculture, vol vol 2. Springer, Dordrecht, p pp 761-786. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​9​7​​8​-​9​4​-​0​0​7​-​0​3​9​4​-​0​_​3​4

Díaz-Zorita M, Grove JH, Murdock L, Herbeck J, Perfect E (2004) 
Soil structural disturbance effects on crop yields and soil proper-
ties in a no‐till production system. Agron J 96:1651–1659. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​1​3​4​​/​a​g​​r​o​n​j​2​0​0​4​.​1​6​5​1

Dong S, Zhou M, Su X, Xia J, Wang L, Wu H, Suakollie EB, Wang 
D (2022) Transport and retention patterns of fragmental micro-
plastics in saturated and unsaturated porous media: a real-time 
pore-scale visualization. Water Res 214:118195. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​1​6​​/​j​.​​w​a​t​r​e​s​.​2​0​2​2​.​1​1​8​1​9​5

Fei Y, Huang S, Zhang H, Tong Y, Wen D, Xia X, Wang H, Luo Y, 
Barcelo D (2020) Response of soil enzyme activities and bacte-
rial communities to the accumulation of microplastics in an acid 
cropped soil. Sci Total Environ 707:135634. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​1​9​.​1​3​5​6​3​4

Francioni M, Marini E, De Bernardi A, D’Ottavio P, Ilari A, Pedretti 
EF, Duca D, Armah BYK, Rivosecchi C, Appicciutoli M, Brunetti 
G, Bianchini M, Ledda L, Tiloca MT, Deroma MA, Tagliabue F, 
Casucci C, Vischetti C, Vaccari F, Bandini F, Puglisi E, Deligios 
PA (2025) Co-presence of black soldier fly frass, soil‐biodegrad-
able mulch films, and earthworms: effects on film biodegrada-
tion, ecotoxicity, and microbial community. J Sci Food Agric 
105:8094–8107. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​j​s​​f​a​.​7​0​0​6​4

Gao Y, Dang X, Yu Y, Li Y, Liu Y, Wang J (2016) Effects of tillage 
methods on soil carbon and wind erosion. Land Degrad Dev 
27:583–591. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​l​d​​r​.​2​4​0​4

General Directorate of State Meteorology Affairs Adana Official Cli-
mate Statistics (2025)

Geyer R, Jambeck JR, Law KL (2017) Production, use, and fate of all 
plastics ever made. Sci Adv 3:e1700782. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​6​​
/​s​c​​i​a​d​v​.​1​7​0​0​7​8​2

Gómez-Pliego R, Temis-Cortina JA, Guerra HR (2025) Extracellular 
biopolymer production by acrostalagmus Luteoalbusfrom Agro-
Industrial wastes: toward sustainable material development. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​1​2​0​​3​/​r​​s​.​3​.​r​s​-​7​9​0​1​4​1​0​/​v​1. Research Square preprint

Gozukara G, Acar M, Ozlu E, Dengiz O, Hartemink AE, Zhang Y 
(2022) A soil quality index using Vis-NIR and pXRF spectra of 
a soil profile. Catena 211:105954. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​a​t​e​n​
a​.​2​0​2​1​.​1​0​5​9​5​4

Gugino BK, Abawi GS, Idowu OJ, Schindelbeck RR, Smith LL, Thies 
JE, Wolfe DW, Van Es HM (2009) Cornell soil health assessment 
training manual. Cornell University College of Agriculture and 
Life Sciences, Ithaca

Gümüş İ, Negiş H, Şeker C (2022) Effects of two different biochar on 
physical quality characteristics of a heavy clay soil. Arab J Geosci 
15:841. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​5​1​7​-​0​2​2​-​1​0​1​4​1​-​2

Gundogdu R, Onder D, Gundogdu S, Gwinnett C (2022) Plastics 
derived from disposable greenhouse plastic films and irrigation 
pipes in agricultural soils: a case study from Turkey. Environ Sci 
Pollut Res Int 29:87706–87716. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​3​5​6​-​0​
2​2​-​2​1​9​1​1​-​6

Gundogdu S, Akca MO, Gürsoy M, Yılmaz M, Zhang X, Rodríguez-
Seijo A, Bibi A, Di Gioia ML, Velimirovic M (2025) Microplas-
tics in soil: a comprehensive review of analytical techniques. 
Front Plant Sci 5:1614075. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​s​​o​i​l​.​2​0​2​5​.​1​
6​1​4​0​7​5

assessment of the impact of agricultural management practices 
on soil quality. Agron J 112:2608–2623. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​
/​a​g​​j​2​.​2​0​2​1​6

Andrews SS, Karlen DL, Cambardella CA (2004) The soil manage-
ment assessment framework: a quantitative soil quality evalua-
tion method. Soil Sci Soc Am J 68:1945–1962. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​2​​1​3​6​​/​s​s​​s​a​j​2​0​0​4​.​1​9​4​5

Bagavthsingh G, Duraisamy J (2024) Long term fertilization on soil 
nutrient dynamics, soil quality and soil bacterial community 
structure in an Inceptisol under semi-arid tropics of finger millet 
(Eleusine coracana)-maize (Zea mays) cropping sequence. J Soil 
Sci Plant Nutr 24:3923–3942. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​4​​2​7​2​9​-​0​2​
4​-​0​1​8​1​2​-​y

Boots B, Russell CW, Green DS (2019) Effects of microplastics in 
soil ecosystems: above and below ground. Environ Sci Technol 
53:11496–11506. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​a​c​​s​.​e​s​t​.​9​b​0​3​3​0​4

Büks F, Kaupenjohann M (2020) Global concentrations of microplas-
tic in soils, a review. Soil Discuss 2020:1–26. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
5​​1​9​4​​/​s​o​​i​l​-​6​-​6​4​9​-​2​0​2​0

Bullard JE, Ockelford A, O’Brien P, Neuman CM (2021) Preferential 
transport of microplastics by wind. Atmos Environ 245:118038. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​t​m​​o​s​e​​n​v​.​2​​0​2​​0​.​1​1​8​0​3​8

Cao J, Gao X, Hu Q, Li C, Song X, Cai Y, Siddique KHM, Zhao X 
(2023) Distribution characteristics and correlation of macro-and 
microplastics under long-term plastic mulching in northwest 
China. Soil Till Res 231:105738. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​t​i​l​l​.​2​
0​2​3​.​1​0​5​7​3​8

Celik I, Günal H, Acir N, Barut ZB, Budak M (2021) Soil quality 
assessment to compare tillage systems in Cukurova Plain, Tur-
key. Soil Tillage Res 208:104892. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​t​i​l​l​.​
2​0​2​0​.​1​0​4​8​9​2

Chang DY (1996) Applications of the extent analysis method on fuzzy 
AHP. Eur J Oper Res 95:649–655. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​3​​7​7​-​2​
2​1​7​(​9​5​)​0​0​3​0​0​-​2

Chen Y, Wu C, Zhang H, Lin Q, Hong Y, Luo Y (2013) Empirical 
estimation of pollution load and contamination levels of phthalate 
esters in agricultural soils from plastic film mulching in China. 
Environ Earth Sci 70:239–247. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​6​6​5​-​0​
1​2​-​2​1​1​9​-​8

da Luz FB, da Silva VR, Mallmann FJK, Pires CAB, Debiasi H, 
Franchini JC, Cherubin MR (2019) Monitoring soil quality 
changes in diversified agricultural cropping systems by the Soil 
Management Assessment Framework (SMAF) in southern Bra-
zil. Agric Ecosyst Environ 281:100–110. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​
/​j​.​​a​g​e​e​.​2​0​1​9​.​0​5​.​0​0​6

da Silva Souza CB, da Silva Farias PG, Rosset JS, Schiavo JA, Ozório 
JMB, de Souza Oliveira N, da Silva Coêlho R, Tomazi M, Salton 
JC (2025) Soil quality and CO2 emissions in response to six years 
of conventional and integrated agricultural production in the Cen-
tral-West Region of Brazil. J Soil Sci Plant Nutr 25:3954–3970. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​4​​2​7​2​9​-​0​2​5​-​0​2​3​7​7​-​0

De Ruijter VN, Milou A, Costa V (2019) Assessment of microplastics 
distribution and stratification in the shallow marine sediments of 
Samos island, Eastern Mediterranean sea, Greece. Mediterr Mar 
Sci 20:736–744. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​6​8​​1​/​m​​m​s​.​1​9​1​3​1

de Saleer I, Woodhouse A (2024) Environmental impact of biodegrad-
able and non-biodegradable agricultural mulch film: a case study 
for Nordic conditions. Int J Life Cycle Assess 29(2):275–290. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​3​6​7​-​0​2​3​-​0​2​2​5​3​-​y

de Souza Machado AA, Lau CW, Kloas W, Bergmann J, Bachelier JB, 
Faltin E, Becker R, Görlich AS, Rillig MC (2019) Microplastics 
can change soil properties and affect plant performance. Environ 
Sci Technol 53:6044–6052. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​a​c​​s​.​e​s​t​.​9​b​0​1​3​
3​9

Dengiz O (2020) Soil quality index for paddy fields based on standard 
scoring functions and weight allocation method. Arch Agron Soil 

1 3

2525

https://doi.org/10.1080/03650340.2019.1610880
https://doi.org/10.1080/03650340.2019.1610880
https://doi.org/10.15832/ankutbd.468900
https://doi.org/10.15832/ankutbd.468900
https://doi.org/10.1007/978-94-007-0394-0_34
https://doi.org/10.1007/978-94-007-0394-0_34
https://doi.org/10.2134/agronj2004.1651
https://doi.org/10.2134/agronj2004.1651
https://doi.org/10.1016/j.watres.2022.118195
https://doi.org/10.1016/j.watres.2022.118195
https://doi.org/10.1016/j.scitotenv.2019.135634
https://doi.org/10.1016/j.scitotenv.2019.135634
https://doi.org/10.1002/jsfa.70064
https://doi.org/10.1002/ldr.2404
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.21203/rs.3.rs-7901410/v1
https://doi.org/10.21203/rs.3.rs-7901410/v1
https://doi.org/10.1016/j.catena.2021.105954
https://doi.org/10.1016/j.catena.2021.105954
https://doi.org/10.1007/s12517-022-10141-2
https://doi.org/10.1007/s11356-022-21911-6
https://doi.org/10.1007/s11356-022-21911-6
https://doi.org/10.3389/fsoil.2025.1614075
https://doi.org/10.3389/fsoil.2025.1614075
https://doi.org/10.1002/agj2.20216
https://doi.org/10.1002/agj2.20216
https://doi.org/10.2136/sssaj2004.1945
https://doi.org/10.2136/sssaj2004.1945
https://doi.org/10.1007/s42729-024-01812-y
https://doi.org/10.1007/s42729-024-01812-y
https://doi.org/10.1021/acs.est.9b03304
https://doi.org/10.5194/soil-6-649-2020
https://doi.org/10.5194/soil-6-649-2020
https://doi.org/10.1016/j.atmosenv.2020.118038
https://doi.org/10.1016/j.atmosenv.2020.118038
https://doi.org/10.1016/j.still.2023.105738
https://doi.org/10.1016/j.still.2023.105738
https://doi.org/10.1016/j.still.2020.104892
https://doi.org/10.1016/j.still.2020.104892
https://doi.org/10.1016/0377-2217(95)00300-2
https://doi.org/10.1016/0377-2217(95)00300-2
https://doi.org/10.1007/s12665-012-2119-8
https://doi.org/10.1007/s12665-012-2119-8
https://doi.org/10.1016/j.agee.2019.05.006
https://doi.org/10.1016/j.agee.2019.05.006
https://doi.org/10.1007/s42729-025-02377-0
https://doi.org/10.1007/s42729-025-02377-0
https://doi.org/10.12681/mms.19131
https://doi.org/10.1007/s11367-023-02253-y
https://doi.org/10.1007/s11367-023-02253-y
https://doi.org/10.1021/acs.est.9b01339
https://doi.org/10.1021/acs.est.9b01339


Journal of Soil Science and Plant Nutrition (2026) 26:2513–2528

Khoironi A, Najiyah A, Baihaqi R, Lukitasari M (2024) The Influence 
of Polypropylene Non-woven Plastic Waste on Alfisol Soil Qual-
ity, IOP Conference Series: Earth and Environmental Science. 
IOP Publishing p 012037. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​8​​/​1​7​​5​5​-​​1​3​1​​5​/​1​4​​
1​4​​/​1​/​0​1​2​0​3​7

Kim SK, Kim JS, Lee H, Lee HJ (2021) Abundance and characteris-
tics of microplastics in soils with different agricultural practices: 
importance of sources with internal origin and environmental 
fate. J Hazard Mater 403:123997. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​h​a​​z​
m​a​​t​.​2​0​​2​0​​.​1​2​3​9​9​7

Koca YK, Acar M, Turgut YŞ (2019) Evaluation of quality of agricul-
tural soils with geostatistical modeling. Harran J Agric Food Sci 
23:489–499. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​9​0​5​​0​/​h​​a​r​r​a​n​z​i​r​a​a​t​.​5​5​6​1​0​3

Kottek M, Grieser J, Beck C, Rudolf B, Rubel F (2006) World map of 
the Köppen-Geiger climate classification updated

Kumari A, Chakraborty S (2024) Microplastics in Plastic-Mulched 
Sandy Soil: Abundance, Characterization, Heavy Metal Accumu-
lation and Risks in Agricultural Fields. Research Square preprint. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​1​2​0​​3​/​r​​s​.​3​.​r​s​-​4​7​4​9​0​5​1​/​v​1

Li H, Liu L (2022) Short-term effects of polyethene and polypropyl-
ene microplastics on soil phosphorus and nitrogen availability. 
Chemosphere 291:132984. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​h​e​​m​o​s​​p​h​e​r​​
e​.​​2​0​2​1​.​1​3​2​9​8​4

Li HZ, Zhu D, Lindhardt JH, Lin SM, Ke X, Cui L (2021) Long-term 
fertilization history alters effects of microplastics on soil proper-
ties, microbial communities, and functions in diverse farmland 
ecosystem. Environ Sci Technol 55:4658–4668. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​2​1​​/​a​c​​s​.​e​s​t​.​0​c​0​4​8​4​9

Liu H, Yang X, Liu G, Liang C, Xue S, Chen H, Ritsema CJ, Geissen V 
(2017) Response of soil dissolved organic matter to microplastic 
addition in Chinese loess soil. Chemosphere 185:907–917. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​h​e​​m​o​s​​p​h​e​r​​e​.​​2​0​1​7​.​0​7​.​0​6​4

Liu M, Lu S, Song Y, Lei L, Hu J, Lv W, Zhou W, Cao C, Shi H, 
Yang X, He D (2018) Microplastic and mesoplastic pollution 
in farmland soils in suburbs of Shanghai, China. Environ Pollut 
242:855–862. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​n​v​p​o​l​.​2​0​1​8​.​0​7​.​0​5​1

Liu S, Huang K, Yuan G, Yang C (2022) Effects of polyethylene 
microplastics and phenanthrene on soil properties, enzyme activi-
ties and bacterial communities. Processes 10:2128. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​3​​3​9​0​​/​p​r​​1​0​1​0​2​1​2​8

Liu R, Liang J, Yang Y, Jiang H, Tian X (2023) Effect of polylactic acid 
microplastics on soil properties, soil microbials and plant growth. 
Chemosphere 329:138504. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​h​e​​m​o​s​​p​h​e​r​​
e​.​​2​0​2​3​.​1​3​8​5​0​4

Liu Z, Wen J, Liu Z, Wei H, Zhang J (2024) Polyethylene microplas-
tics alter soil microbial community assembly and ecosystem mul-
tifunctionality. Environ Int 183:108360. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​
.​​e​n​v​i​n​t​.​2​0​2​3​.​1​0​8​3​6​0

Lozano YM, Lehnert T, Linck LT, Lehmann A, Rillig MC (2021) 
Microplastic shape, polymer type, and concentration affect soil 
properties and plant biomass. Front Plant Sci 12:616645. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​l​s​.​2​0​2​1​.​6​1​6​6​4​5

Lv S, Cui K, Zhao S, Li Y, Liu R, Hu R, Zhi B, Gu L, Wang L, Wang 
Q, Shao Z (2024) Continuous generation and release of micro-
plastics and nanoplastics from polystyrene by plastic-degrading 
marine bacteria. J Hazard Mater 465:133339. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​1​6​​/​j​.​​j​h​a​​z​m​a​​t​.​2​0​​2​3​​.​1​3​3​3​3​9

MacLeod M, Arp HPH, Tekman MB, Jahnke A (2021) The global 
threat from plastic pollution. Science 373:61–65. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​1​2​6​​/​s​c​​i​e​n​c​e​.​a​b​g​5​4​3​3

Medynska-Juraszek A, Jadhav B (2022) Influence of different micro-
plastic forms on pH and mobility of Cu(2+) and Pb(2+) in soil. 
Molecules 27:1744. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​m​o​​l​e​c​u​l​e​s​2​7​0​5​1​7​4​4

Meng F, Yang X, Riksen M, Geissen V (2022) Effect of different poly-
mers of microplastics on soil organic carbon and nitrogen - a 

Gündoğdu S, Çevik C, Terzi Y, Gedik K, Büyükdeveci F, Öztürk RÇ 
(2025) Microplastics in Turkish coastal lagoons: unveiling the 
hidden threat to wetland ecosystems. Environ Pollut 126351. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​n​v​p​o​l​.​2​0​2​5​.​1​2​6​3​5​1

Gündoğdu S, Akça MO, Özkan İ, Sarıdaş MA, Küçükel E, Rodriguez-
Seijo A, Er E, Turgay OC (2026) A review of non-petroleum 
alternatives of plastic mulches in agriculture: knowledge gaps 
and future recommendations. Eur J Agron 172:127831. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​j​a​.​2​0​2​5​.​1​2​7​8​3​1

Guo Z, Li P, Yang X, Wang Z, Lu B, Chen W, Wu Y, Li G, Zhao Z, 
Liu G (2022) Soil texture is an important factor determining how 
microplastics affect soil hydraulic characteristics. Environ Int 
165:107293. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​n​v​i​n​t​.​2​0​2​2​.​1​0​7​2​9​3

Hajilou N, Mostafayi SS, Yarin AL, Shokuhfar T (2024) A comparative 
review on biodegradation of poly (lactic acid) in soil, compost, 
water, and wastewater environments: incorporating mathematical 
modeling perspectives. AppliedChem 5:1. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​
0​​/​a​p​​p​l​i​e​d​c​h​e​m​5​0​1​0​0​0​1

He H, Wang Z, Guo L, Zheng X, Zhang J, Li W, Fan B (2018) Dis-
tribution characteristics of residual film over a cotton field under 
long-term film mulching and drip irrigation in an oasis agroeco-
system. Soil Tillage Res 180:194–203. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​
s​t​i​l​l​.​2​0​1​8​.​0​3​.​0​1​3

Horton AA, Walton A, Spurgeon DJ, Lahive E, Svendsen C (2017) 
Microplastics in freshwater and terrestrial environments: evaluat-
ing the current understanding to identify the knowledge gaps and 
future research priorities. Sci Total Environ 586:127–141. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​1​7​.​0​1​.​1​9​0

Huang Y, Liu Q, Jia W, Yan C, Wang J (2020) Agricultural plastic 
mulching as a source of microplastics in the terrestrial environ-
ment. Environ Pollut 260:114096. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​n​v​p​
o​l​.​2​0​2​0​.​1​1​4​0​9​6

Huffer T, Metzelder F, Sigmund G, Slawek S, Schmidt TC, Hofmann 
T (2019) Polyethylene microplastics influence the transport of 
organic contaminants in soil. Sci Total Environ 657:242–247. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​1​8​.​1​2​.​0​4​7

Idowu OJ, Van Es HM, Abawi GS, Wolfe DW, Schindelbeck RR, 
Moebius-Clune BN, Gugino BK (2009) Use of an integrative soil 
health test for evaluation of soil management impacts. Renew 
Agric Food Syst 24:214–224. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​7​​/​S​1​​7​4​2​1​7​0​
5​0​9​9​9​0​0​6​8

Isobe A, Uchiyama-Matsumoto K, Uchida K, Tokai T (2017) Micro-
plastics in the Southern ocean. Mar Pollut Bull 114:623–626. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​a​r​​p​o​l​​b​u​l​.​​2​0​​1​6​.​0​9​.​0​3​7

Jiang XJ, Liu W, Wang E, Zhou T, Xin P (2017) Residual plastic mulch 
fragments effects on soil physical properties and water flow 
behavior in the Minqin Oasis, Northwestern China. Soil Tillage 
Res 166:100–107. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​t​i​l​l​.​2​0​1​6​.​1​0​.​0​1​1

Karaca S, Dengiz O, Turan İD, Özkan B, Dedeoğlu M, Gülser F, Sar-
gin B, Demirkaya S, Ay A (2021) An assessment of pasture soils 
quality based on multi-indicator weighting approaches in semi-
arid ecosystem. Ecol Indic 121:107001. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​
j​.​​e​c​o​​l​i​n​​d​.​2​0​​2​0​​.​1​0​7​0​0​1

Karlen DL, Cambardella CA, Kovar JL, Colvin TS (2013) Soil quality 
response to long-term tillage and crop rotation practices. Soil Till-
age Res 133:54–64. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​t​i​l​l​.​2​0​1​3​.​0​5​.​0​1​3

Kaya NŞ, Dengiz O (2024) Assessment of the neutrosophic fuzzy-
AHP and predictive power of some machine learning approaches 
for maize silage soil quality. Comput Electron Agric 226:109446. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​o​m​p​a​g​.​2​0​2​4​.​1​0​9​4​4​6

Khan MA, Huang Q, Khan S, Wang Q, Huang J, Fahad S, Sajjad M, 
Liu Y, Mašek O, Li X (2023) Abundance, spatial distribution, and 
characteristics of microplastics in agricultural soils and their rela-
tionship with contributing factors. J Environ Manage 328:117006. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​e​n​​v​m​a​​n​.​2​0​​2​2​​.​1​1​7​0​0​6

1 3

2526

https://doi.org/10.1088/1755-1315/1414/1/012037
https://doi.org/10.1088/1755-1315/1414/1/012037
https://doi.org/10.1016/j.jhazmat.2020.123997
https://doi.org/10.1016/j.jhazmat.2020.123997
https://doi.org/10.29050/harranziraat.556103
https://doi.org/10.21203/rs.3.rs-4749051/v1
https://doi.org/10.21203/rs.3.rs-4749051/v1
https://doi.org/10.1016/j.chemosphere.2021.132984
https://doi.org/10.1016/j.chemosphere.2021.132984
https://doi.org/10.1021/acs.est.0c04849
https://doi.org/10.1021/acs.est.0c04849
https://doi.org/10.1016/j.chemosphere.2017.07.064
https://doi.org/10.1016/j.chemosphere.2017.07.064
https://doi.org/10.1016/j.envpol.2018.07.051
https://doi.org/10.3390/pr10102128
https://doi.org/10.3390/pr10102128
https://doi.org/10.1016/j.chemosphere.2023.138504
https://doi.org/10.1016/j.chemosphere.2023.138504
https://doi.org/10.1016/j.envint.2023.108360
https://doi.org/10.1016/j.envint.2023.108360
https://doi.org/10.3389/fpls.2021.616645
https://doi.org/10.3389/fpls.2021.616645
https://doi.org/10.1016/j.jhazmat.2023.133339
https://doi.org/10.1016/j.jhazmat.2023.133339
https://doi.org/10.1126/science.abg5433
https://doi.org/10.1126/science.abg5433
https://doi.org/10.3390/molecules27051744
https://doi.org/10.1016/j.envpol.2025.126351
https://doi.org/10.1016/j.envpol.2025.126351
https://doi.org/10.1016/j.eja.2025.127831
https://doi.org/10.1016/j.eja.2025.127831
https://doi.org/10.1016/j.envint.2022.107293
https://doi.org/10.3390/appliedchem5010001
https://doi.org/10.3390/appliedchem5010001
https://doi.org/10.1016/j.still.2018.03.013
https://doi.org/10.1016/j.still.2018.03.013
https://doi.org/10.1016/j.scitotenv.2017.01.190
https://doi.org/10.1016/j.scitotenv.2017.01.190
https://doi.org/10.1016/j.envpol.2020.114096
https://doi.org/10.1016/j.envpol.2020.114096
https://doi.org/10.1016/j.scitotenv.2018.12.047
https://doi.org/10.1016/j.scitotenv.2018.12.047
https://doi.org/10.1017/S1742170509990068
https://doi.org/10.1017/S1742170509990068
https://doi.org/10.1016/j.marpolbul.2016.09.037
https://doi.org/10.1016/j.marpolbul.2016.09.037
https://doi.org/10.1016/j.still.2016.10.011
https://doi.org/10.1016/j.ecolind.2020.107001
https://doi.org/10.1016/j.ecolind.2020.107001
https://doi.org/10.1016/j.still.2013.05.013
https://doi.org/10.1016/j.compag.2024.109446
https://doi.org/10.1016/j.compag.2024.109446
https://doi.org/10.1016/j.jenvman.2022.117006
https://doi.org/10.1016/j.jenvman.2022.117006


Journal of Soil Science and Plant Nutrition (2026) 26:2513–2528

Sci Total Environ 669:273–281. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​
n​v​.​​2​0​​1​9​.​0​2​.​3​8​2

Rezaei M, Abbasi S, Pourmahmood H, Oleszczuk P, Ritsema C, 
Turner A (2022) Microplastics in agricultural soils from a semi-
arid region and their transport by wind erosion. Environ Res 
212:113213. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​n​v​r​e​s​.​2​0​2​2​.​1​1​3​2​1​3

Rillig M, Ziersch L, Hempel S (2017a) Microplastic transport in soil 
by earthworms. Sci Rep 7:1362. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​8​-​
0​1​7​-​0​1​5​9​4​-​7

Rillig MC, Ingraffia R, de Souza Machado AA (2017b) Microplastic 
incorporation into soil in agroecosystems. Front Plant Sci 8:1805. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​l​s​.​2​0​1​7​.​0​1​8​0​5

Rillig MC, Leifheit E, Lehmann J (2021) Microplastic effects on car-
bon cycling processes in soils. PLoS Biol 19:e3001130. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​3​7​1​​/​j​o​​u​r​n​a​l​.​p​b​i​o​.​3​0​0​1​1​3​0

Serrano-Ruiz H, Martin-Closas L, Pelacho AM (2021) Biodegradable 
plastic mulches: impact on the agricultural biotic environment. 
Sci Total Environ 750:141228. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​
v​.​​2​0​​2​0​.​1​4​1​2​2​8

Shafea L, Felde VJ, Woche SK, Bachmann J, Peth S (2023) Micro-
plastics effects on wettability, pore sizes and saturated hydraulic 
conductivity of a loess topsoil. Geoderma 437:116566. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​g​e​o​​d​e​r​​m​a​.​2​​0​2​​3​.​1​1​6​5​6​6

Srinidhi M, Sangeetha S, Krishna PH (2023) Interaction of Heavy 
Metals with Plastic Contaminated Soil, IOP Conference Series: 
Earth and Environmental Science. IOP Publishing p 012041. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​8​​/​1​7​​5​5​-​​1​3​1​​5​/​1​2​​8​0​​/​1​/​0​1​2​0​4​1

Tian X, Yang M, Guo Z, Chang C, Li J, Guo Z, Wang R, Li Q, Zou X 
(2022) Plastic mulch film induced soil microplastic enrichment 
and its impact on wind-blown sand and dust. Sci Total Environ 
813:152490. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​2​1​.​1​5​2​4​9​0

Tian Y, Abulaizi M, Hu Y, Hu Y, Chen M, Jia Y, Kou T, Zhou J, Jia H 
(2025) Microplastics abundance and spatial distribution in Bay-
inbuluk alpine swamp meadow. Agriculture 15:1343. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​3​​3​9​0​​/​a​g​​r​i​c​u​l​t​u​r​e​1​5​1​3​1​3​4​3

Tudor VC, Mocuta DN, Teodorescu RF, Smedescu DI (2019) The 
issue of plastic and microplastic pollution in soil. Mater Plast 
56:484–487. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​7​3​5​​8​/​M​​P​.​1​9​.​3​.​5​2​1​4

Vincent-Caboud L, Casagrande M, David C, Ryan MR, Silva EM, Pei-
gne J (2019) Using mulch from cover crops to facilitate organic 
no-till soybean and maize production. A review. Agron Sustain 
Dev 39:45. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​3​5​9​3​-​0​1​9​-​0​5​9​0​-​2

Vox G, Loisi RV, Blanco I, Mugnozza GS, Schettini E (2016) Mapping 
of agriculture plastic waste. Agric Agric Sci Proc 8:583–591. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​a​s​p​r​o​.​2​0​1​6​.​0​2​.​0​8​0

Vural T, Çetinkaya S, Yeğen V, Şapcıoğlu S, Gündoğdu S (2025) Pro-
tocol for extraction and analysis of microplastics in freshwater, 
sediment, and fish samples. STAR Protoc 6(3):104057. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​x​p​r​o​.​2​0​2​5​.​1​0​4​0​5​7

Wan Y, Wu C, Xue Q, Hui X (2019) Effects of plastic contamination 
on water evaporation and desiccation cracking in soil. Sci Total 
Environ 654:576–582. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​1​8​.​1​
1​.​1​2​3

Wang F, Wang Q, Adams CA, Sun Y, Zhang S (2022) Effects of micro-
plastics on soil properties: current knowledge and future perspec-
tives. J Hazard Mater 424:127531. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​h​a​​z​
m​a​​t​.​2​0​​2​1​​.​1​2​7​5​3​1

Wang Z, Li W, Li W, Yang W, Jing S (2023) Effects of microplastics 
on the water characteristic curve of soils with different textures. 
Chemosphere 317:137762. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​h​e​​m​o​s​​p​h​e​r​​
e​.​​2​0​2​3​.​1​3​7​7​6​2

Wang Z, Li J, Qu Z, Ayurzana B, Zhao G, Li W (2024) Effects of 
microplastics on the pore structure and connectivity with differ-
ent soil textures: based on CT scanning. Environ Technol Innov 
36:103791. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​t​i​.​2​0​2​4​.​1​0​3​7​9​1

mesocosm experiment. Environ Res 204:111938. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​1​6​​/​j​.​​e​n​v​r​e​s​.​2​0​2​1​.​1​1​1​9​3​8

Meyer M, Diehl D, Schaumann GE, Muñoz K (2021) Multiannual 
soil mulching in agriculture: analysis of biogeochemical soil pro-
cesses under plastic and straw mulches in a 3-year field study in 
strawberry cultivation. J Soils Sediments 21:3733–3752. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​3​6​8​-​0​2​1​-​0​3​0​3​7​-​3

Naz N, Manzoor MH, Naqvi SMG, Ehsan U, Aslam M, Verpoort F 
(2024) Porous organic polymers; an emerging material applied 
in energy, environmental and biomedical applications. Applied 
Materials Today 38:102198. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​p​m​t​.​2​0​2​4​
.​1​0​2​1​9​8

Nunes MR, Karlen DL, Veum KS, Moorman TB (2020) A SMAF 
assessment of US tillage and crop management strategies. Envi-
ronmental and Sustainability Indicators 8:100072. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​1​6​​/​j​.​​i​n​d​i​c​.​2​0​2​0​.​1​0​0​0​7​2

Ockelford A, Bullard J, McKenna Neuman C, O’Brien P (2025) Influ-
ence of microplastics on small-scale soil surface roughness and 
implications for wind transport of microplastic particles. Philos 
Trans A Math Phys Eng Sci. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​8​​/​r​s​​t​a​.​2​0​2​4​.​0​
4​4​6

Özkan B, Dengiz O, Turan İD (2020) Site suitability analysis for 
potential agricultural land with spatial fuzzy multi-criteria deci-
sion analysis in regional scale under semi-arid terrestrial ecosys-
tem. Sci Rep 10(1):22074. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​8​-​0​2​0​-​7​
9​1​0​5​-​4

Ozlu E, Gozukara G, Acar M, Bilen S, Babur E (2022) Field-scale 
evaluation of the soil quality index as influenced by dairy manure 
and inorganic fertilizers. Sustainability 14:7593. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​3​​3​9​0​​/​s​u​​1​4​1​3​7​5​9​3

Pacci S, Dengiz O, Alaboz P, Saygın F (2024) Artificial neural net-
works in soil quality prediction: significance for sustainable tea 
cultivation. Sci Total Environ 947:174447. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​
6​​/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​2​4​.​1​7​4​4​4​7

Payanthoth NS, Mut NNN, Samanta P, Li G, Jung J (2024) A review 
of biodegradation and formation of biodegradable microplastics 
in soil and freshwater environments. Appl Biol Chem 67:110. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​1​​3​7​6​5​-​0​2​4​-​0​0​9​5​9​-​7

Peng H, Dang L, Lin Z, Yu B, Li H, Yao J (2025) Responses of soil 
physical and chemical properties to degradable and non-degrad-
able microplastics. J Environ Chem Eng 116898. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​1​6​​/​j​.​​j​e​c​e​.​2​0​2​5​.​1​1​6​8​9​8

Qi Y, Yang X, Pelaez AM, Huerta Lwanga E, Beriot N, Gertsen H, 
Garbeva P, Geissen V (2018) Macro- and micro- plastics in soil-
plant system: effects of plastic mulch film residues on wheat (Trit-
icum aestivum) growth. Sci Total Environ 645:1048–1056. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​1​8​.​0​7​.​2​2​9

Qi R, Jones DL, Li Z, Liu Q, Yan C (2020) Behavior of microplastics 
and plastic film residues in the soil environment: a critical review. 
Sci Total Environ 703:134722. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​
v​.​​2​0​​1​9​.​1​3​4​7​2​2

Qi Y, Beriot N, Gort G, Huerta Lwanga E, Gooren H, Yang X, Geissen 
V (2020) Impact of plastic mulch film debris on soil physico-
chemical and hydrological properties. Environ Pollut 266:115097. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​n​v​p​o​l​.​2​0​2​0​.​1​1​5​0​9​7

Qi Y, Ossowicki A, Yang X, Huerta Lwanga E, Dini-Andreote F, 
Geissen V, Garbeva P (2020) Effects of plastic mulch film resi-
dues on wheat rhizosphere and soil properties. J Hazard Mater 
387:121711. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​h​a​​z​m​a​​t​.​2​0​​1​9​​.​1​2​1​7​1​1

Reis A, Dindaroğlu T (2024) Evaluating dynamic soil quality by the 
soil management assessment framework (SMAF) in the water-
shed scale in a semi-arid Mediterranean ecosystem in Turkey. 
Geoderma Reg 38:e00829. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​g​e​o​d​r​s​.​2​0​2​
4​.​e​0​0​8​2​9

Rezaei M, Riksen MJ, Sirjani E, Sameni A, Geissen V (2019) Wind 
erosion as a driver for transport of light density microplastics. 

1 3

2527

https://doi.org/10.1016/j.scitotenv.2019.02.382
https://doi.org/10.1016/j.scitotenv.2019.02.382
https://doi.org/10.1016/j.envres.2022.113213
https://doi.org/10.1038/s41598-017-01594-7
https://doi.org/10.1038/s41598-017-01594-7
https://doi.org/10.3389/fpls.2017.01805
https://doi.org/10.3389/fpls.2017.01805
https://doi.org/10.1371/journal.pbio.3001130
https://doi.org/10.1371/journal.pbio.3001130
https://doi.org/10.1016/j.scitotenv.2020.141228
https://doi.org/10.1016/j.scitotenv.2020.141228
https://doi.org/10.1016/j.geoderma.2023.116566
https://doi.org/10.1016/j.geoderma.2023.116566
https://doi.org/10.1088/1755-1315/1280/1/012041
https://doi.org/10.1088/1755-1315/1280/1/012041
https://doi.org/10.1016/j.scitotenv.2021.152490
https://doi.org/10.3390/agriculture15131343
https://doi.org/10.3390/agriculture15131343
https://doi.org/10.37358/MP.19.3.5214
https://doi.org/10.1007/s13593-019-0590-2
https://doi.org/10.1016/j.aaspro.2016.02.080
https://doi.org/10.1016/j.aaspro.2016.02.080
https://doi.org/10.1016/j.xpro.2025.104057
https://doi.org/10.1016/j.xpro.2025.104057
https://doi.org/10.1016/j.scitotenv.2018.11.123
https://doi.org/10.1016/j.scitotenv.2018.11.123
https://doi.org/10.1016/j.jhazmat.2021.127531
https://doi.org/10.1016/j.jhazmat.2021.127531
https://doi.org/10.1016/j.chemosphere.2023.137762
https://doi.org/10.1016/j.chemosphere.2023.137762
https://doi.org/10.1016/j.eti.2024.103791
https://doi.org/10.1016/j.envres.2021.111938
https://doi.org/10.1016/j.envres.2021.111938
https://doi.org/10.1007/s11368-021-03037-3
https://doi.org/10.1007/s11368-021-03037-3
https://doi.org/10.1016/j.apmt.2024.102198
https://doi.org/10.1016/j.apmt.2024.102198
https://doi.org/10.1016/j.indic.2020.100072
https://doi.org/10.1016/j.indic.2020.100072
https://doi.org/10.1098/rsta.2024.0446
https://doi.org/10.1098/rsta.2024.0446
https://doi.org/10.1038/s41598-020-79105-4
https://doi.org/10.1038/s41598-020-79105-4
https://doi.org/10.3390/su14137593
https://doi.org/10.3390/su14137593
https://doi.org/10.1016/j.scitotenv.2024.174447
https://doi.org/10.1016/j.scitotenv.2024.174447
https://doi.org/10.1186/s13765-024-00959-7
https://doi.org/10.1186/s13765-024-00959-7
https://doi.org/10.1016/j.jece.2025.116898
https://doi.org/10.1016/j.jece.2025.116898
https://doi.org/10.1016/j.scitotenv.2018.07.229
https://doi.org/10.1016/j.scitotenv.2018.07.229
https://doi.org/10.1016/j.scitotenv.2019.134722
https://doi.org/10.1016/j.scitotenv.2019.134722
https://doi.org/10.1016/j.envpol.2020.115097
https://doi.org/10.1016/j.envpol.2020.115097
https://doi.org/10.1016/j.jhazmat.2019.121711
https://doi.org/10.1016/j.geodrs.2024.e00829
https://doi.org/10.1016/j.geodrs.2024.e00829


Journal of Soil Science and Plant Nutrition (2026) 26:2513–2528

Zhang D, Ng EL, Hu W, Wang H, Galaviz P, Yang H, Sun W, Li C, Ma 
X, Fu B, Zhao P, Zhang F, Jin S, Zhou M, Du L, Peng C, Zhang 
X, Xu Z, Xi B, Liu X, Sun S, Cheng Z, Jiang L, Wang Y, Gong L, 
Kou C, Li Y, Ma Y, Huang D, Zhu J, Yao J, Lin C, Qin S, Zhou L, 
He B, Chen D, Li H, Zhai L, Lei Q, Wu S, Zhang Y, Pan J, Gu B, 
Liu H (2020) Plastic pollution in croplands threatens long-term 
food security. Glob Chang Biol 26:3356–3367. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​1​1​1​​/​g​c​​b​.​1​5​0​4​3

Zhang Y, Li X, Xiao M, Feng Z, Yu Y, Yao H (2022) Effects of micro-
plastics on soil carbon dioxide emissions and the microbial 
functional genes involved in organic carbon decomposition in 
agricultural soil. Sci Total Environ 806:150714. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​2​1​.​1​5​0​7​1​4

Zhang H, Huang Y, An S, Wang P, Xie C, Jia P, Huang Q, Wang B 
(2024) Mulch-derived microplastic aging promotes phthalate 
esters and alters organic carbon fraction content in grassland and 
farmland soils. J Hazard Mater 461:132619. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
1​6​​/​j​.​​j​h​a​​z​m​a​​t​.​2​0​​2​3​​.​1​3​2​6​1​9

Zhao T, Lozano YM, Rillig MC (2021) Microplastics increase soil 
pH and decrease microbial activities as a function of microplas-
tic shape, polymer type, and exposure time. Front Environ Sci 
9:675803. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​3​3​​​8​9​/​​f​e​​n​v​s​.​2​​0​2​1​.​6​7​5​8​0​3

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Xie M, Wei M, Sun Q, Wang G, Shen T, He X, Liu D (2025) Compara-
tive impacts of polyethylene and biodegradable film residues on 
soil microbial communities and rapeseed performance under field 
conditions. Front Microbiol 16:1553807. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​
/​f​m​​i​c​b​.​2​0​2​5​.​1​5​5​3​8​0​7

Yan Y, Chen Z, Zhu F, Zhu C, Wang C, Gu C (2021) Effect of Poly-
vinyl chloride microplastics on bacterial community and nutri-
ent status in two agricultural soils. Bull Environ Contam Toxicol 
107:602–609. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​2​8​-​0​2​0​-​0​2​9​0​0​-​2

Yan S, Zhang S, Xu B, Yan P, Wang J, Wang H, Aurangzeib M (2023) 
Microplastics change the leaching of nitrogen and potassium in 
Mollisols. Sci Total Environ 878:163121. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​
/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​2​3​.​1​6​3​1​2​1

Yang L, Zhang Y, Kang S, Wang Z, Wu C (2021) Microplastics in soil: 
a review on methods, occurrence, sources, and potential risk. Sci 
Total Environ 780:146546. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​
2​1​.​1​4​6​5​4​6

Yi M, Zhou S, Zhang L, Ding S (2021) The effects of three different 
microplastics on enzyme activities and microbial communities in 
soil. Water Environ Res 93:24–32. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​w​e​​r​.​1​
3​2​7

Yost JL, Schmidt AM, Koelsch R, Schott LR (2022) Effect of swine 
manure on soil health properties: a systematic review. Soil Sci 
Soc Am J 86:450–486. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​s​a​​j​2​.​2​0​3​5​9

Zhang D, Liu H, Hu W, Qin X, Ma X, Yan C, Wang H (2016) The 
status and distribution characteristics of residual mulching film in 
Xinjiang, China. J Integr Agric 15:2639–2646. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​1​6​​/​S​2​​0​9​5​-​3​1​1​9​(​1​5​)​6​1​2​4​0​-​0

1 3

2528

https://doi.org/10.1111/gcb.15043
https://doi.org/10.1111/gcb.15043
https://doi.org/10.1016/j.scitotenv.2021.150714
https://doi.org/10.1016/j.scitotenv.2021.150714
https://doi.org/10.1016/j.jhazmat.2023.132619
https://doi.org/10.1016/j.jhazmat.2023.132619
https://doi.org/10.3389/fenvs.2021.675803
https://doi.org/10.3389/fmicb.2025.1553807
https://doi.org/10.3389/fmicb.2025.1553807
https://doi.org/10.1007/s00128-020-02900-2
https://doi.org/10.1016/j.scitotenv.2023.163121
https://doi.org/10.1016/j.scitotenv.2023.163121
https://doi.org/10.1016/j.scitotenv.2021.146546
https://doi.org/10.1016/j.scitotenv.2021.146546
https://doi.org/10.1002/wer.1327
https://doi.org/10.1002/wer.1327
https://doi.org/10.1002/saj2.20359
https://doi.org/10.1016/S2095-3119(15)61240-0
https://doi.org/10.1016/S2095-3119(15)61240-0

	﻿Microplastic Accumulation and Soil Quality Changes Under Varying Plastic Mulching Durations in the Mediterranean Region
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and Methods
	﻿2.1﻿ ﻿Study Area and Sample Collection
	﻿2.2﻿ ﻿Soil Analyses
	﻿2.3﻿ ﻿Microplastic Extraction
	﻿2.3.1﻿ ﻿Microplastic Particle Identification
	﻿2.3.2﻿ ﻿Quality Control and Recovery Test


	﻿2.4﻿ ﻿Evaluation of Soil Quality
	﻿2.5﻿ ﻿Statistical Analyses
	﻿3﻿ ﻿Results
	﻿3.1﻿ ﻿Soil Indicators
	﻿3.2﻿ ﻿Indicator Weights and Soil Quality Index
	﻿3.3﻿ ﻿Microplastic Abundance and Polymer Identification
	﻿3.4﻿ ﻿PCA of Soil Quality Indices and their Relationship with Microplastic Abundance

	﻿4﻿ ﻿Discussion
	﻿5﻿ ﻿Conclusion
	﻿References


