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ARTICLE INFO ABSTRACT

Handling Editor: Y. Capowiez Microplastics (MPs) is a major threat to agroecosystems. Their accumulation and impacts should be evaluated to
advance our understanding of soil function and health. Uncovering the role of cascade effects in regulating crop
growth is crucial to understanding the link between MPs disturbance and environmental functions. Therefore, we
aimed to assess how the cascade changes between (non-) biological factors and functional traits of maize regulate
the response of maize growth to MPs in different nutrient soil environments. We found that soil dehydration
induced by MPs may disrupt the balance of the physiological status of maize, negatively affect photosynthetic
performance, and enhance competition among organisms for limited nutrients. However, root-responsive
nutrient cues with a high degree of tectonic freedom allowed adaptive phenotypic plasticity to occur, masking
the negative effects of MPs. In nutrient-rich soil environments, moderate and high intensity (>0.5 %) MPs dis-
turbances initiated root nutrient foraging activities, and maize tended to decrease its cost of investing in root
construction, i.e., increasing specific root length (SRL) to promote its own growth. The growth of maize was
mainly characterized by increases in the belowground biomass (BGB, 7.11 to 20.81 g) and aboveground biomass
(AGB, 61.11 to 118.26 g). Our study suggests that a cascade effect between environmental factors initiated by
MPs and the functional architecture of the maize root system drives maize to regulate its growth by responding to
nutrient cues. These findings will help to ensure food security, formulate environmental risk management pol-
icies and protect soil health, especially in the context of future agriculture.
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We lack a predictive understanding of MPs’ ecological functions and
characteristics, such as their environmental preferences, effect sizes, and

1. Introduction

Microplastics (MPs, plastics that are <5 mm) are an emerging
anthropogenic stressor widely distributed in terrestrial ecosystems.
Thousands or even tens of thousands of MPs particles are estimated to be
detected in 1 kg of terrestrial soil (Zhou et al., 2019). Basic soil processes
and functions, such as biogeochemical cycling (Machado et al., 2018a),
plant mineral nutrients (Machado et al., 2019), and hydrological prop-
erties (Guo et al., 2022) have been or will likely be affected by MPs.
Generally, MPs have positive, negative, or no effect on the soil ecological
processes (Machado et al., 2018b; Khalid et al., 2020; Gao et al., 2022).

potentials, in complex terrestrial environments. Terrestrial ecosystems
contain more MPs than the ocean, and they exert greater pollution
pressure (Yang and Gao, 2022). The ongoing accumulation of MPs in
terrestrial ecosystems may have unpredictable ecological consequences,
such as biased effects on soil water movement, nutrient cycling and
plant growth (Rillig, 2012; Machado et al., 2018a). However, the
interaction between MPs and soil processes is still being explored.
Therefore, the accumulation and impacts of MPs should be expeditiously
evaluated to advance our understanding of soil function and health.
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Uncovering the underlying mechanisms that support crop growth
and the biophysical and other processes involved is essential to predict
the link between environmental disturbances and ecological func-
tioning. Environmental limitations are usually caused by (non-) bio-
logical factors, such as temperature, water, and nutrients, and their
interactions with organisms (Strand and Weisner, 2004). However,
crops have extraordinary environmental adaptations and growth ho-
meostasis (Qiao et al., 2022), and their mechanisms to mitigate distur-
bances should be researched. Functional traits, a key link in ecosystem
cascade effects, reflect crop behavior to increase nutrient acquisition
mainly by adjusting the state of developmental and physiological re-
sponses (Giehl and von Wiren, 2014), including physiological traits
(photosynthetic performance) and nutritional traits (root structure).
Changes in the functional structure of the root system may indirectly
respond to disturbances in MPs through changes in mean diameter and
length that drive adjustments in crop nutrient acquisition strategies
(Alimi et al., 2018). For example, Pehlivan and Gedik. (2021) showed
that maize shortens its root system in response to disturbances in MPs,
affecting the whole-plant metabolism and ultimately hampering its
growth.

With increasing MPs residues, they may greatly threaten the func-
tions and services of cultivated soil (Zhao et al., 2022). Cultivated soil is
often improved by fertilization to obtain stable and high-yield crops, so
MPs may be exposed to multi-nutrient cultivated soil (Liu et al., 2022a).
The strong correlation between fertilization treatments and soil physical
structure, nutrient content, and (micro) biological processes suggests
that these changes may regulate the effects of MPs on soil ecosystem
functions (Zhao et al., 2019). Crop functional traits and soil ecosystem
functions are closely related (Valencia et al., 2018), but the response of
functional traits to poor or fertile soil environments with comparative
limiting factors, especially in the soil environment where MPs interfer-
ence exists, remains unknown (Zhang et al., 2023). In addition, MPs
diversity also provides additional evidence to explore stressors affecting
soil function and services. The relative contribution of different particle
sizes and concentration combinations, and the difference of MPs types
can explain the different effects of MPs on crop growth. For example,
Ingraffia et al. (2022) showed that disturbance of MPs combinations in a
controlled pot experiment impacted maize growth. However, Gao et al.
(2022) found that combinatorial disturbances positively affected maize
plant performance and morphological characteristics. Increasing evi-
dence shows that MPs affect plant growth and production, but the plant
response also greatly depends on the type of MPs (Yang and Gao, 2022).
Polypropylene is a common residual plastic type in agricultural soil,
which decomposes slowly in soil. It may give priority to microorganisms
by increasing the ratio of carbon to nitrogen in soil, and finally affect
plant growth (Zhang et al., 2022a). However, a recent study gives evi-
dence to the contrary, reporting the positive effects of high density
polyethylene and biodegradable polylactic acid on plant growth (Yang
et al., 2021). Numerous knowledge gaps limit our understanding of the
effects of nutrient changes and MPs disturbances on agroecosystems,
thus limiting our ability to accurately predict the ecological conse-
quences of MPs.

Therefore, we selected sandy soils for a pot incubation experiment to
clarify whether the combined effects of MPs and soil nutrients on plant
growth are mediated by cascading effects between (non-) biotic factors
and crop functional traits, including photosynthetic and nutritional
traits. We expected that (1) improvements in soil quality and environ-
ment, by multi-nutrient environments, are expected to reduce the
negative interference of MPs and ultimately regulate maize nutritional
traits; (2) changes in the functional structure of the root system associ-
ated with multi-nutrient soil environments explain most of the variation
in maize growth parameters when MPs are present.
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2. Materials and methods
2.1. Study site and soil collection

In April 2019, soil samples were collected from Ansai County,
Shaanxi Province (107.8-108.3°E and 34.1-34.5°N) (soil properties are
detailed in Table 1). The area is at an elevation of about 1068-1309 m
asl and has a temperate semi-arid climate with an average annual
temperature of 8.8 °C (Sun et al., 2017). After on-site observation and
consultation with local farmers, the 0-20-cm layer of clean plow soil
(Deng et al., 2018; Liu et al., 2022b), which was vulnerable to natural
and human interference and not covered with plastic film, was collected.
Specifically, 12 plots of 5 x 5 m were randomly selected in the study
area and a buffer zone of 1 m was set between each plot. Soil samples
were collected in quadruplicate from 9 (1 x 1 m) subplots along the
diagonal of each plot using soil drills (5 cm in diameter) after removing
surface debris and rocks. The collected soil samples were transported to
the laboratory, dried at room temperature (25 °C + 1), screened (2-mm
sieve), and stored for subsequent determination and analysis.

2.2. MPs and its characteristics

Polypropylene particles (Beijing Youngling-TECH Company, China),
which are widely distributed in agricultural soil with high amounts of
residue, were selected as the test materials (see Table S1 for details)
(Yang and Gao, 2022). In this study, we considered two MPs factors, i.e.,
concentration and particle size. First, we screened MPs into three par-
ticle size grades through 500- (P500), 200- (P200), and 20-pm (P20)
sieves (Fig. S1). Then, the three MPs particle sizes were applied to the
tested soil at concentrations of 0.5 % (C0.5), 1 % (C1), and 2 % (C2).
Previous studies have shown that MPs residues may be as high as
approximately 7 %, therefore, the MPs concentrations selected for this
study can be considered relevant to anthropogenically disturbed soil
environments (Fuller and Gautam, 2016). The MPs were washed twice
with hydrochloric acid before the start of the test. We then washed the
MPs three times with deionized water. Then, they were placed on an
ultrasonic instrument and washed with deionized water for 10 min.
After thorough washing, they were dried in an oven at 45 °C, without
exposing them to the melting point temperatures of the MPs. After
spraying with gold, a scanning electron microscope (SEM) (Nova Nano
SEM-450, FEI) operating at an accelerating voltage of 5 kV was used to
observe the MPs” morphologies (see Fig. S1A for details).

2.3. Experimental design

Ten MPs combinations, including a control (CK, 0 %), were estab-
lished to carry out (non-) fertilization treatment (see Table S2 for de-
tails). In June 2019, according to the conventional soil improvement
measures in the study area, we selected three fertilizers for fertilization
treatment, including urea (0.15 g-kg_l), Ca(H2POy4); (0.1 g~kg_1), and
K2S04 (0.2 g-kg™1). Place the manually mixed MPs and soil mixture on a
multifunctional oscillator (HY-2A, Guohua, China) and continue to
shake for 10 min (Guo et al., 2022). All treatments including control
were equivalent. Then, we manually transferred the mixture of each

Table 1
Basic physical and chemical properties of soil in the study area.

Soil Clay Silt Sand SOC g/ TN TP pH
texture (%) (%) (%) kg g/ g/

kg kg
Sand 2.55 2.73 94.72 2.68 013 047 865

Clay represents the < 0.002 mm size class; Silt represents the 0.002-0.02 mm
size class; Sand represents 0.02-2 mm size class; SOC represents soil organic
carbon; TN represents soil total nitrogen; TP represents soil total phosphorus; pH
represents soil pH.
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combination (15 kg) into pots (bottom diameter: 22 cm; top diameter:
30 cm; height: 30 cm), and planted three maize seeds (Huanong 887,
Yangling Seed Company, China) in the center of the pots. After seedling
emergence, the two weaker seedlings were removed and one seedling
per pot was left for subsequent determination and analysis.

The pots were placed in the climate chamber of the Institute of Soil
and Water Conservation, Chinese Academy of Sciences, Yangling,
Shaanxi Province, China (AGC-Doo3N, Hangzhou, China) (Fig. S1B).
The position of pots were alternated every two weeks. The day and
nighttime temperatures were maintained at 28 °C and 25 °C, respec-
tively. The photoperiod (day: night) was 14:10 h, the light intensity was
maintained 300 pmol-m 251, and the relative humidity was kept at 80
%. During the growing period of maize, the soil water content was
controlled at (65 £+ 5) % of the field water capacity by gravimetric
method. Maize was harvested in October 2019 (114 days after planting).
During harvest, maize was divided into stems and roots for preservation,
which were used to determine root functional traits and growth char-
acteristics. After maize harvest, the soil samples in the flowerpot were
passed through a 2-mm sieve and divided into two parts: (1) one part
was air-dried naturally and passed through 1-mm and 0.25-mm sieves to
analyze soil properties; (2) The other part was stored at 4 °C for sub-
sequent soil microbial characteristics. This study included 20 treatments
with 6 replicates in each treatment, with a total of 120 pot samples.

Photosynthetic parameters include net photosynthetic rate (Pn,
pmol-rn’2~s’1), intercellular carbon concentration (Ci, prnolmol’l),
stomatal conductance (Gs, mol~m’2~s’1), and transpiration rate (Tr,
mmol-m 2s™!). These photosynthetic performance parameters were
measured according to the method provided by Gao et al. (2016). Spe-
cifically, the middle of the fully unfolded second (or third) functional
leaf of maize (counted from top to bottom) was measured using a
portable infrared gas analyzer (Li-6400, Li-COR, Lincoln, NE, USA) be-
tween 10:00 a.m. and 11:30 a.m., one day before sample harvesting.

Here, we measured four related maize growth parameters, including
plant height (PH), root-shoot ratio (R:S), belowground biomass (BGB),
and aboveground biomass (AGB). In addition, the root functions of three
related functional traits were measured, including root length (RL), root
diameter (RD), and specific root length (SRL). The change in RL re-
flected different response strategies of maize to nutrient concentration
(Giehl and von Wiren, 2014). RD is a sensitive index reflecting the root
foraging strategy (Kong et al., 2019). SRL reflects the relationship be-
tween the “investment” and “income” of roots, and is usually used to
indicate the availability of external resources (Kramer-Walter et al.,
2016; Xia et al., 2021). PH was determined by measuring the height of
the soil in the pots to the highest point of the maize leaves at natural
extension using a tape measure prior to the sampling. For sampling, the
maize root system was carefully removed from the soil and rinsed with
deionized water. The root system was cleaned of all residue, placed in a
sieve (410 pm) and continued to be rinsed with deionized water. Root
systems from the same treatment were homogenized in steel containers
and three subsamples were randomly selected to detect root traits. The
samples were placed flat on transparencies (210 mm x 297 mm) and
scanned using an Epson 4490 scanner (EPSON Inc). RL and RD were
determined using a CIA 2.0 image analysis system (CID. Inc., USA) and
WinRhizotron root graphical analysis software (Win RHIZO TRON 2008,
Regent Instruments, Canada). After scanning, SRL was determined using
the measured RL-to-biomass ratio. Then, the BGB and AGB of maize
were measured by the dry weight method, that is, the stems and roots of
maize were dried in an oven (60 °C) for 72 h and then removed and
weighed. R: S was obtained using the root dry weight divided by the
branch dry weight.

2.4. Measurements of physical and chemical properties of soil
Soil organic carbon (SOC) was determined using the HySO4—K2Cr,07

method (Nelson et al., 1982). Soil total nitrogen (TN) was determined
using the Kjeldahl method (Bremner and Mulvaney, 1982). Soil total
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phosphorus (TP) was determined by colorimetric method (digestion
with H3SO4 and HClO4) (UV-1800, Shimadzu, Japan). Soil available
phosphorus (AP) content was determined using the colorimetric method
with sodium bicarbonate and molybdenum-antimony (Olsen and Som-
mers, 1982).

2.5. Measurements of dissolved organic matter of soil

We homogenized 40 g of soil by adding 120 mL of distilled water to
obtain a soil solution, and the soil solution was placed on a high-speed
centrifuge for 10 min (4000 rpm-min’l) (Liu et al., 2017). The super-
natant was filtered using a 0.45 pm cellulose acetate membrane, and the
filtered solution was stored frozen for subsequent determination. Soil
dissolved organic carbon (DOC) content was determined using a TOC
analyzer (Liquid TOC II, Elementar, Germany). Soil total dissolved ni-
trogen and phosphorus (TDN and TDP) were determined using soil
alkaline persulfate digestion-UV spectrophotometry and ammonium
molybdate spectrophotometry, respectively (Galhardo and Masini,
2000; Doyle et al., 2004). Soil ammonium nitrogen (NH4) and soil ni-
trate nitrogen (NO3) contents were determined using a continuous flow
autoanalyzer (AutoAnalyzer3-aa3, Bran + Luebbe, Germany).

2.6. Measurement of soil microbial characteristics

The chloroform fumigation method was used to measure soil mi-
crobial biomass carbon, nitrogen, and phosphorus content (MBC, MBN,
and MBP) (Brookes et al., 1982; Vance et al., 1987). According to the
method of German et al. (2011), the activities of four extracellular en-
zymes were determined by the fluorescence microplate method: alkaline
phosphatase (ALP), p-1,4-glucosidase (BG), leucine aminopeptidase
(LAP), and N-acetyl-B-D-aminoglucosidase (NAG). Chen et al. (2020)
provided the study with the corresponding assay for enzyme activity.
Specifically, microtitre plates were incubated at 25 °C for 0.5 h (ALP), 2
h (LAP and BG), and 4 h (NAG). At the end of the incubation, fluores-
cence readings were measured using a multifunctional enzyme spec-
trometer (Spectra Max M2, Molecular Device, California, US).

2.7. Statistical analysis

The statistical analyses used for the study were performed in SPSS
software (version 21.0; IBM Corp., Armonk, NY, USA) and R environ-
ment (version 4.1.3; https://www.r-project.org) (R Core Team, 2019).
Firstly, the data are tested for normality and variance homogeneity.
When the homogeneity test of variance was passed and significant dif-
ference was observed (P < 0.05), the least significant difference test
(LSD) was performed on multiple comparisons. Subsequently, two-way
analysis of variance (ANOVA) was used to examine the effects of MPs
particle size and content on soil properties, microbial characteristics,
functional traits, and growth characteristics of maize before and after
fertilization. Also, paired t-tests were performed to assess the effects of
environmental variables (MPs particle size, content, soil properties,
microbial characteristics, and maize functional traits) on maize growth
characteristics under different nutrient conditions. While the soil prop-
erties included SOC, TN, TP, DOC, TDN, TDP, AP, NHJ, and NO3, mi-
crobial characteristics comprised MBC, MBN, MBP, ALP, BG, LAP, and
NAG. Further, maize functional traits mainly included photosynthetic
parameters (Pn, Ci, Gs, and Tr) and root traits (RL, RD, and SRL),
whereas, its growth parameters consisted of PH, R:S, BGB, and AGB.

Firstly, we used variance partitioning analysis (VPA) to estimate the
relative contribution of (non-) biotic factors affecting maize growth
under nutrient-poor conditions. Then, we examined the interactions
among the environmental factors by correlation analysis. Random forest
model (RFM) was used to assess the relative importance of environ-
mental factors affecting maize growth in nutrient-poor soils. In addition,
we used Pearson’s rank correlation, multiple linear regression, and
ANOVA to elucidate the relationship between nutrient-rich
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environmental variables and maize growth and to quantify the contri-
bution of the aforementioned environmental factors to maize growth.
Also, we used principal component analysis (PCA) to map the effects of
environmental variables on maize growth. Subsequently, we determined
the importance of environmental variables on maize growth under
nutrient-rich conditions by hierarchical partitioning. Finally, to explore
the pathways and (potential) drivers of MPs disturbances on maize
growth under different nutrient conditions, we applied partial least
squares path models (PLS-PMs) to determine the direct and indirect
contributions of environmental variables. Two-way ANOVA, LSD, and
paired t-test were performed using SPSS software. Hierarchical parti-
tioning, PLS-PMs, and multiple linear regression were performed in the
R environment using the “plspm” and “relaimpo” software packages,
respectively, while Pearson rank correlation, VPA, PCA, and RFM were
performed using the “vegan” package and “randomforest” package.

[C0.5-N[]C1-NIC2-N
ENC0.5-F SJC1-F BN C2-F
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3. Results

3.1. Effect of MPs disturbance in different nutrient environments on soil
properties

With the increase of MPs content, the SOC content increased in both
nutritional environments, while the TP and TN did not change signifi-
cantly (Fig. 1A-C; P < 0.05). Compared with CK, the SOC content of
P500 increased significantly from 4.65 to 21.45 g-kg™! in the nutrient-
rich environment (Fig. 1A; P < 0.05). Further, the DOC content
considerably decreased in the nutrient-poor environment; however,
there was no significant change in the nutrient-rich environment
(Fig. 1D; P < 0.05). In addition, the SOC and DOC contents in both soil
environments increased markedly with increasing MPs particle size
(Fig. 1A and D; P < 0.05). Compared with CK, the contents of SOC and
DOC in C2 increased significantly from 4.65 to 21.45 g-kg™! and 51.37
to 88.1 mg-kg™!, respectively (Fig. 1A and D; P < 0.05). We also
observed the independent and interactive effects of fertilization, MPs
content and particle size on soil properties (Table 2). Among them,
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Fig. 1. Effect of MPs on soil properties under different nutrient conditions. (A) Represents the change of soil organic carbon (SOC), (B) represents the change of soil
total nitrogen (TN), and (C) represents the change of soil total phosphorus (TP). (D) Represents changes in dissolved organic carbon (DOC), while (E) and (F)
represent changes in total dissolved nitrogen (TDN) and total dissolved phosphorus (TDP), respectively. (G) Represents the change of available phosphorus (AP),
while (H) and (I) represent the change of ammonium nitrogen (NH3) and nitrate nitrogen (NO3), respectively. Capital letters indicate the difference after treatment
with MPs with the same concentration and different particle sizes, lowercase letters indicate the difference after adding MPs with the same particle size and different
concentrations, and * indicates the difference before and after fertilization (P < 0.05). N means no fertilization treatment (Nutrient-poor conditions), and F means
fertilization treatment (Nutrient-rich conditions). P20 represents 20 pm MPs treatment; P200 represents 200 pm MPs treatment; P500 represents 500 pm MPs
treatment. CK (white): Control; C0.5 (blue): 0.5 % MPs addition; C1 (yellow): 1 %; C2 (red): 2 %. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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Table 2

P-values and contribution of independent factors (Fertilization, Content, and Size) and their interactions to various parameters studied by three-way ANOVA.
Variables Fertilization Content Size Fertilization Fertilization Content Fertilization Residual

*Content * * *
Size Size Content * Size
14 % P % 14 % P % P % 14 % P % %

SOC <0.01 14.36 <0.01 11.42 <0.01 63.40 <0.05 0.30 <0.01 2.99 <0.01 6.88 <0.01 0.57 0.07
TN <0.05 18.68 <0.01 23.28 0.58 2.30 0.61 2.09 <0.05 13.18 0.60 2.86 <0.01 33.43 4.17
TP <0.01 83.60 0.55 0.41 <0.01 4.63 0.66 0.28 <0.01 6.94 <0.01 3.32 0.92 0.15 0.67
AP <0.01 98.13 0.09 0.17 <0.01 0.50 <0.05 0.25 <0.01 0.55 0.05 0.17 0.06 0.16 0.07
DOC <0.01 25.62 0.25 0.84 <0.01 34.65 <0.01 12.43 <0.01 15.07 <0.05 1.65 <0.01 9.14 0.60
TDN <0.01 87.81 0.15 1.34 0.09 1.67 0.18 1.20 <0.05 2.57 <0.01 2.99 <0.05 1.73 0.69
NHj <0.01 56.69 0.74 0.41 <0.01 28.03 0.86 0.21 <0.01 10.57 0.14 2.40 0.92 0.33 1.36
NO3 <0.01 78.24 <0.01 2.34 <0.01 5.50 <0.01 1.92 <0.01 10.34 0.46 0.23 <0.01 1.18 0.25
TDP <0.01 90.09 <0.01 1.87 <0.01 2.39 <0.05 0.94 <0.01 2.38 0.38 0.32 <0.01 1.71 0.30
MBC 0.24 2.95 <0.01 38.15 <0.01 22.69 <0.01 12.48 <0.05 8.19 <0.05 5.77 <0.01 7.69 2.09
MBN <0.01 24.39 <0.05 1.24 <0.01 34.34 <0.01 12.78 <0.01 7.96 <0.01 11.06 <0.01 6.87 1.36
MBP <0.01 32.33 <0.01 23.81 <0.05 4.29 <0.01 15.55 <0.05 3.62 <0.01 10.52 <0.01 8.86 1.02
ALP <0.01 71.85 <0.01 1.21 <0.01 3.26 <0.01 2.90 <0.01 15.26 <0.01 2.87 <0.01 2.59 0.06
BG <0.01 14.83 0.07 5.10 <0.05 7.79 0.11 43.72 <0.01 4.36 <0.01 12.86 <0.01 9.43 1.90
LAP <0.01 26.42 <0.01 10.82 <0.01 42.09 0.75 0.52 0.17 3.33 0.29 2.33 <0.01 12.66 1.82
NAG <0.01 78.19 <0.05 1.40 <0.01 2.28 <0.01 5.06 <0.01 6.23 <0.01 3.39 <0.01 3.14 0.31
Pn <0.01 33.78 <0.05 31.14 <0.01 5.31 <0.01 14.02 <0.01 13.12 0.29 1.12 0.27 1.42 0.09
Ci <0.05 7.95 <0.05 25.87 <0.01 40.33 <0.01 8.62 <0.01 12.06 0.82 0.93 0.57 1.79 2.46
Gs <0.01 60.02 <0.01 10.93 <0.01 22.10 0.10 0.40 <0.01 4.73 <0.05 1.16 <0.05 0.49 0.17
Tr <0.01 67.86 <0.01 5.22 <0.01 19.48 0.45 0.39 <0.05 1.87 <0.01 2.96 <0.01 1.73 0.48
RL <0.01 54.24 0.88 0.56 <0.01 25.86 0.58 2.39 <0.01 7.33 0.67 2.57 0.65 2.70 4.36
RD <0.01 53.57 <0.05 8.55 <0.01 15.38 <0.05 4.69 <0.01 14.58 0.29 1.76 0.22 1.23 0.24
SRL <0.01 22.96 <0.01 3.49 <0.01 33.01 <0.01 16.47 <0.01 14.22 <0.01 3.56 <0.01 5.80 0.49
BGB <0.01 40.40 <0.01 14.50 <0.01 23.20 <0.01 11.00 <0.01 4.10 <0.01 5.46 <0.05 1.13 0.22
AGB <0.01 54.55 <0.01 20.10 <0.01 10.72 <0.01 5.40 <0.01 3.65 <0.05 3.21 <0.05 2.33 0.04
R:S <0.01 66.96 <0.01 7.77 <0.01 6.18 0.11 2.53 <0.01 9.01 0.37 1.19 <0.01 5.25 1.11
PH <0.01 52.23 <0.01 11.17 <0.01 17.44 <0.01 6.70 <0.01 7.07 <0.01 3.11 <0.01 2.25 0.04

Soil properties include SOC, TN, TP, DOC, TDN, TDP, AP, NH}, and NO3. Microbial characteristics consist of MBC, MBN, MBP, ALP, BG, LAP, and NAG. Maize
functional traits consist mainly of photosynthetic parameters (Pn, Ci, Gs, and Tr) and root traits (RL, RD, and SRL). Maize growth parameters included PH, R:S, BGB,
and AGB. Size includes 20 pm, 200 pm, and 500 pm. Content includes 0 %, 0.5 %, 1 %, and 2 %. Abbreviations for soil properties, microbial characteristics, functional

traits, and growth parameters of maize were applied to the above methods.

Fertilization * Content (0.30 % and 12.43 %), Fertilization * Size (2.99
% and 15.07 %), and Fertilization * Content * Size (0.57 % and 9.14 %)
showed significant interaction effects on SOC and DOC (Table 2).

3.2. Effect of MPs disturbance in different nutrient environments on
microbial characteristics

The MBC content in both environments showed a decreasing trend
with increasing MPs content, while MBN showed a significant
decreasing trend only in the nutrient-rich environment (Fig. 2A and B; P
< 0.05). Compared with CK, the contents of MBC and MBN in the
nutrient-rich environment were significantly decreased. The MBC in
P200 decreased from 103.19 to 68.82 mg-kg~!, while MBN in P20
decreased from 12.48 to 2.15 mg-kg™! (Fig. 2A and B; P < 0.05). In
addition, the MBC and MBN contents in both environments increased
markedly with increasing MPs particle size (Fig. 2A and B; P < 0.05).
Compared with CK, the MBC content in the nutrient-rich C2 treatment
decreased significantly, from 103.19 to 68.82 mg-kg™! (Fig. 2A; P <
0.05). We also observed the independent and interactive effects of
fertilization, MPs content and particle size on microbial characteristics
(Table 2). Among them, Fertilization * Content (12.48 % and 12.78 %),
Fertilization * Size (8.19 % and 7.96 %), and Fertilization * Content *
Size (7.69 % and 6.87 %) showed significant interaction effects on MBC
and MBN (Table 2).

3.3. Effects of MPs disturbance in different nutrient environments on
functional traits of maize

With increasing MPs content, the Pn and Ci of maize decreased in the
nutrient-poor soil environment, while only Pn decreased in the nutrient-
rich environment (Fig. 3A and B; P < 0.05). Compared with CK, the Pn in
the nutrient-rich P500 treatment significantly increased from 24.4 to

25.78 pmol-m~2:s~! (Fig. 3A; P < 0.05). In addition, both Pn and Ci of
maize in the nutrient-poor environment decreased with increasing MPs
particle size, while Ci in the nutrient-rich environment increased
significantly (Fig. 3A and B; P < 0.05). Compared with CK, the Ci in the
nutrient-rich C0.5 treatment increased significantly from 55.72 to 78.57
pmolmol*1 (Fig. 3B; P < 0.05). Further, we observed the effects of
fertilization, MPs content and particle size on photosynthetic parameters
of maize (Table 2). Among them, Fertilization * Content (14.02 % and
8.62 %) and Fertilization * Size (13.12 % and 12.06 %) showed signif-
icant interactions on Pn and Ci (Table 2).

With the increase in the MPs content, the SRL of maize increased in
both environments, but RL and RD did not change significantly in the
nutrient-poor environment (Fig. 3E-G; P < 0.05). Compared with CK, the
SRL of P200 decreased from 7.33 to 5.88 cmvg’1 (Fig. 3G; P < 0.05). The
RL and RD of P500 increased significantly from 25.12 to 53.73 cm and
0.32 to 0.42 mm-plant’l, respectively (Fig. 3E and F; P < 0.05). In
addition, fertilization, MPs content, and particle size affected the root
traits of maize (Table 2). Among them, Fertilization * Content (4.69 %
and 16.47 %) and Fertilization * Size (14.58 % and 14.22 %) exhibited
significant interaction effects on RD and SRL, while Fertilization * Size
(7.33 %) affected RL (Table 2).

3.4. Effects of MPs disturbance in different nutrient environments on
maize growth characteristics

The BGB and AGB of maize in the nutrient-rich environment
decreased with increasing MPs content (Fig. 4A and B; P < 0.05).
Compared with the CK, the BGB and AGB of P500 increased significantly
from 7.11 to 20.81 g and 61.11 to 118.26 g, respectively (Fig. 4A and B;
P < 0.05). With the increase in the MPs particle size, both BGB and AGB
of C0.5 increased significantly from 7.11 to 20.81 g and 61.11 to 118.26
g, respectively (Fig. 4A and B; P < 0.05). Further, we observed the
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Fig. 2. Effects of MPs on microbial characteristics under different nutrient conditions. (A), (B), and (C) represent changes in microbial biomass carbon (MBC),
microbial biomass nitrogen (MBN), and microbial biomass phosphorus (MBP), respectively. (D) represents the change of alkaline phosphatase (ALP), (E) represents
the change of p-1,4-Glucosidase (BG), (F) represents the change of leucine aminopeptidase (LAP), and (G) represents the change of N-acetyl-p-D-glucosaminidase
(NAG). Capital letters indicate the difference after treatment with MPs with the same concentration and different particle sizes, lowercase letters indicate the dif-
ference after adding MPs with the same particle size and different concentrations, and * indicates the difference before and after fertilization (P < 0.05). N means no
fertilization treatment (Nutrient-poor conditions), and F means fertilization treatment (Nutrient-rich conditions). P20 represents 20 pm MPs treatment; P200 rep-
resents 200 pm MPs treatment; P500 represents 500 pm MPs treatment. CK (white): Control; C0.5 (blue): 0.5 % MPs addition; C1 (yellow): 1 %; C2 (red): 2 %. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

independent and interactive effects of fertilization, MPs content and
particle size on maize growth characteristics (Table 2). Among them,
Fertilization * Content (11.00 % and 5.40 %), Fertilization * Size (4.10
% and 3.65 %), and Fertilization * Content * Size (1.13 % and 2.33 %)
also showed significant interactions on BGB and AGB (Table 2).

3.5. Drivers of MPs disturbance in different nutrient environments
affecting maize growth

The study simulated the effects of biotic (microbial characteristics
and functional traits of maize) and abiotic (soil properties and MPs di-
versity) factors on maize growth in different nutrient environments to
explore the main role of MPs interference in regulating the functional
traits of maize and mediating its growth in different nutrient environ-
ments. The results showed that MPs and photosynthetic parameters
contributed more and microorganisms second in explaining the varia-
tion in maize growth parameters in nutrient-poor environments
(Fig. 5A). Further, correlation analysis also revealed a high correlation
between MPs and maize photosynthetic parameters in nutrient-poor
environments (Fig. 5B). In addition, Pn and Ci were important

variables affecting maize growth characteristics in each of the maize
photosynthetic performance parameters assessed (Fig. 5C). This result
was confirmed by a simple linear regression between photosynthetic
indicators and growth parameters (Fig. 5D). Moreover, this negative
effect increased significantly with increasing MPs particle size (Fig. S2).

In multi-nutrient soil environments, we observed that joint changes
between soil properties and maize root traits play an important role in
regulating maize growth. Further, the soil properties and maize root
traits explained the variation in maize growth characteristics (Fig. 6A).
When the relationship between soil properties and root traits was
considered, there was a significant interaction between the two and that
SOC was positively correlated with root traits for each soil property
parameter assessed (Fig. 6B). The analysis between soil properties and
root traits at different MPs levels showed that maize trait parameters
exhibited varying degrees of increase even in the presence of different
levels of MPs addition; however, significant changes were observed only
in the moderate and high levels of MPs addition (C1 and C2 treatments)
(Fig. 3). The pattern of reciprocal response between soil properties and
root traits was significant only in >0.5 % MPs disturbance, regardless of
the variation in particle size (Fig. S3). In addition, the study examined
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Fig. 3. Effect of MPs on functional traits of maize under different nutrient conditions. Maize photosynthetic parameters: (A) represents the variation of net
photosynthetic rate (Pn), (B) represents the variation of intercellular carbon concentration (Ci), (C) represents the variation of stomatal conductance (Gs), and (D)
represents the variation of transpiration rate (Tr). Maize root traits: (E), (F), and (G) represent the changes in root length (RL), root diameter (RD) and specific root
length (SRL), respectively. Capital letters indicate the difference after treatment with MPs with the same concentration and different particle sizes, lowercase letters
indicate the difference after adding MPs with the same particle size and different concentrations, and * indicates the difference before and after fertilization (P <
0.05). N means no fertilization treatment (Nutrient-poor conditions), and F means fertilization treatment (Nutrient-rich conditions). P20 represents 20 pm MPs
treatment; P200 represents 200 pm MPs treatment; P500 represents 500 pm MPs treatment. CK (white): Control; C0.5 (blue): 0.5 % MPs addition; C1 (yellow): 1 %;
C2 (red): 2 %. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the role played by this pattern in maize growth, and the results showed
that the variance could be explained more when the root traits of maize
were also considered, instead of just soil properties (Fig. 6C and S4). The
study was partitioned hierarchically to quantify the contribution of
changes in root functional structure to maize growth (Fig. 6D) to explore
the relative importance of the pattern in maize growth. Overall, in
nutrient-rich soil environments, MPs (>0.5 %) indirectly promoted
maize growth by initiating a cascade effect between abiotic soil prop-
erties and root traits. The results were further validated by PLS-PMs
(Fig. 7).

4. Discussion
4.1. MPs disturbance and limited nutrients affect maize growth

Changes in crop growth are the most visual manifestation of envi-
ronmental disturbances, including MPs (Zhang et al., 2022b). This study
found that MPs may be the stress source affecting the photosynthetic
capacity and growth of maize when the environmental nutrients are
limited, and the interaction between Pn and Ci of maize and the particle

size of MPs is strong (Fig. 3A and B). The main reason for this result may
be related to MPs limiting root (water) nutrient uptake and diminishing
photosynthetic performance (Zhao et al., 2022). It is reported that MPs
directly (physical attachment and chemical derivatives) and indirectly
(plant functional traits and microbial competition) affect plant growth
(Zhang et al., 2022¢). MPs are small, have low density, and are highly
hydrophobic, and easily cover the surface of the root system to form a
“MPs barrier”, which disrupts the normal absorption of water and nu-
trients by the root system and damages plant growth (Fig. S5) (Boots
et al., 2019). Photosynthesis is an important process that characterizes
the physiological state of plants; water is the raw material for photo-
synthesis, having a direct impact, and a lack of water will weaken the
photosynthetic intensity and directly affect plant growth (Reich et al.,
2018). A previous study reported that MPs disturbance affects soil water
movement, with large size MPs accelerating water loss by increasing the
number of macropores associated with soil water conductivity (Guo
et al., 2022). This study reports similar evidence, that is, when MPs with
larger particle sizes are present, the soil water content is low (Fig. S6).
When MPs disturbances result in dehydrated soils, this may exacerbate
the limited uptake of (water) nutrients by the root system, further
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Fig. 4. Effect of MPs on growth characteristics of maize under different nutrient conditions. (A) and (B) represent changes in belowground (BGB) and aboveground
biomass (AGB) of maize, (C) represents changes in maize plant height (PH), and (D) represents changes in the root shoot ratio (R:S) of maize. Capital letters indicate
the difference after treatment with MPs with the same concentration and different particle sizes, lowercase letters indicate the difference after adding MPs with the
same particle size and different concentrations, and * indicates the difference before and after fertilization (P < 0.05). N means no fertilization treatment (Nutrient-
poor conditions), and F means fertilization treatment (Nutrient-rich conditions). P20 represents 20 pm MPs treatment; P200 represents 200 pm MPs treatment; P500
represents 500 pm MPs treatment. CK (white): Control; C0.5 (blue): 0.5 % MPs addition; C1 (yellow): 1 %; C2 (red): 2 %. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

affecting the photosynthetic intensity and growth status of the plant.
We also found that the interaction between MPs and microorganisms
in nutrient-poor environments was also one of the crucial factors
affecting maize growth. Specifically, low concentrations of MPs (0.5 %)
attenuated maize growth by enhancing microbial competition for
limited nutrients. In addition to nutrient acquisition through the root
system, crops often rely on nutrient turnover by microorganisms to
ensure their growth (de Jager and Giani, 2021). Competition among
organisms for nutrients may be activated when nutrients become
limiting (Tiemann et al., 2015). We speculated that 0.5 % MPs indirectly
attenuated maize growth by enhancing nutrient competition among
microorganisms. Previous studies have reported similar evidence, indi-
cating that MPs can change soil properties and thus affect the activity
and function of microorganisms (Lozano et al., 2021). MPs can increase
the pore number and aeration of soil, especially in loose sandy soil, and
the improvement in the environmental conditions is beneficial to the
growth of microorganisms (Sanchez-Monedero et al., 2018). A recent
study also found that MPs act as a microbial “thriving circle” in the soil
environment, providing more space for microbial growth by widening
the ecological niche (Zhu et al., 2022). Thus, low-intensity MPs addition
provides, to some extent, favorable growth conditions (air) and suffi-
cient space (ecological niche), which can help microorganisms dominate
the limited competition for nutrients. Interestingly, however, the
competitive advantage of microorganisms disappeared with increasing
MPs concentration (>0.5 %). This phenomenon was evident when soil

disturbance by MPs was further enhanced. Even when a favorable
growth environment existed, the absence of an adequate food source
weakened microbial growth. At this point, the negative effects of MPs
may dominate and weaken maize growth. Although MPs may affect the
carbon cycle by becoming soil carbon (Rillig et al., 2021), there is no
evidence that MPs can become a source of carbon available to micro-
organisms in the short term.

4.2. Cascading effects of MPs disturbance and soil properties on the
functional traits of maize roots

In the MPs-soil system, the complex interaction between (non-)
biological factors leads to an apparent negative net effect, which may be
due to the inability of environmental collaborators to compensate for the
adverse effects of MPs in most cases (Zhao et al., 2019). Roots absorb
water and nutrients, which is the basis of plant growth and production
(delaRivaetal., 2021). The environmental nutrient availability leads to
morphological changes in the roots, and roots often become highly
plastic in response to environmental clues (Giehl and von Wiren, 2014).
The widespread interference of MPs is currently one of the main
knowledge gaps in plant underground ecology. In this study, we selected
different MPs interference modes to test the growth status of maize in
multi-nutrient environments. We found that the change in the root traits
mediated the interaction between MPs and maize growth in the multi-
nutrient environment (Fig. 6). The root economic spectrum (RES) is a
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Fig. 5. Drivers affecting maize growth characteristics under nutrient-poor conditions. (A) Variation partition analysis (VPA) was used to determine the relative
contribution of abiotic factors (MPs and soil properties) and biological factors (microbial characteristics and maize photosynthetic performance) to maize growth
characteristics. (B) Pearson rank correlation analysis between maize growth characteristics and environmental factors. Red represents negative correlation and blue
represents positive correlation. (C) Based on random forest model (RFM) to estimate the contribution of environmental variables to maize growth (MSE increased by
%). (D) The relationship between growth parameters and photosynthetic performance (Pn and Ci) of maize was estimated by simple linear regression analysis.
Shaded areas represent 95 % confidence intervals. Soil properties (SP), microbial characteristics, photosynthetic performance, root traits (Root), and maize growth
characteristics were expressed by the first component of principal component analysis (PCA) (63.75 %, 77.00 %, 58.50 %, 53.29 %, and 66.29 %). SP includes SOC,
TN, TP, AP, DOC, TDN, TDP, NHj, and NO3. Microbial characteristics include MBC, MBN, MBP, ALP, BG, LAP, and NAG. Photosynthetic performance includes Pn, Ci,
Gs, and Tr. Root traits include RL, RD, and SRL. Maize growth characteristics include BGB, AGB, PH, and R: S. Size includes 20 pm, 200 pm, and 500 pm. Content
includes 0 %, 0.5 %, 1 %, and 2 %. Abbreviations for SP, microbial characteristics, maize functional traits and growth parameters were applied to the above methods.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

common hypothesis in underground ecology, which assumes a balance
between conservative (slow foraging) and acquisition (fast foraging)
strategies for root resources (Freschet et al., 2010; Reich, 2014). In
nutrient-rich environments, combinations of traits disturbed by MPs
tend to evolve in the root system, e.g., expensive (low SRL) and cheap
(high SRL) roots (Fig. 3G). The two different phenotypic combinations
are beneficial for plants to adapt to changing environments, and an in-
crease in MPs interference will promote the evolution of maize roots
from resource protection to acquisition.

Plant root systems with a high degree of tectonic freedom allow

adaptive phenotypic plasticity to occur in response to possible effects of
environmental signals on plant growth processes (Ma et al., 2018). This
study reports corresponding evidence that the maize root system in a
multi-nutrient environment is more inclined to choose resource-
conserving economic strategies (low SRL), especially under low-
concentration (0.5 %) MPs perturbation (Fig. 3G). The inconsistency
between the external nutrient status and plant growth correlations
suggests that root plasticity responses may be largely masked by envi-
ronmental perturbations, which is consistent with root traits selecting
conservative strategies. Water availability is a potentially important
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Fig. 6. Drivers affecting maize growth characteristics under nutrient-rich conditions. (A) Variation partition analysis (VPA) was used to determine the relative
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Abbreviations for SP, MC, maize functional traits and growth parameters were applied to the above methods. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Partial least squares path models (PLS-PMs) of MPs disturbance affecting maize growth under different nutrient conditions. (see the Discussion section for a
detailed description of the conceptual diagram). The model was evaluated using the goodness of fit (GOF). Numbers are the correlation coefficients (correlation
coefficients > 0.4 are indicated in bold). Purple and red numbers represent the positive and negative effects of MPs, respectively. The green box on the left shows the
effect of MPs disturbance on maize growth under nutrient-poor conditions. The orange box on the right shows the effect of MPs disturbance on maize growth under
nutrient-rich conditions. The first component of PCA represents soil properties (63.75 % and 66.39 %), microbial activity (77.00 % and 64.14 %), photosynthetic
performance (58.50 % and 67.41 %), root traits (53.29 % and 55.57 %) and maize characteristics (66.29 % and 79.24 %) under poor and rich nutrient conditions. Soil
properties include SOC, TN, TP, DOC, TDN, TDP, AP, NHJ, and NO3. Microbial activity consists of MBC, MBN, MBP, ALP, BG, LAP, and NAG. Maize functional traits
consists mainly of photosynthetic performance (Pn, Ci, Gs, and Tr) and root traits (RL, RD, and SRL). Maize characteristics include PH, R:S, BGB, and AGB. Size
includes 20 pm, 200 pm, and 500 pm. Content includes 0 %, 0.5 %, 1 %, and 2 %. Abbreviations for soil properties, microbial characteristics and functional traits of
maize were applied to the above methods. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

factor affecting the underground strategy of plants (Li et al., 2019),
while MPs decrease the water-holding capacity of soil (Lozano and
Rillig, 2022), which exerts great pressure on soil quality and the plant
growth environment. On the other hand, root systems attached with MPs
exhibit more restricted water and nutrients uptake, even when weakly
disturbed (Boots et al., 2019; Shorobi et al., 2023). When faced with the
dual pressures of external nutrient availability and internal nutritional
status, maize root systems are more inclined to choose conservative
strategies at the expense of reduced growth.

In addition, we found that, compared with a low MPs concentration,
moderate and high intensity (>0.5 %) MPs interference initiated the
detectable nutrient acquisition behavior of the root system. Consistent
with the research hypothesis, we detected a correlation between the
changes in root function structure and the positive changes in maize
growth parameters (Fig. 6), which provided experimental evidence for
nutrient-driven dynamic foraging behavior to promote plant growth.
With the enhancement of interference signals, the cost of plant invest-
ment in root construction decreased; that is, when MPs interference
increased from 0.5 % to 2 %, SRL increased by 212.77 % (Fig. 3G). The
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cost of root construction was strongly regulated by the availability of soil
resources, including nutrients and water (de la Riva et al., 2021). A rich
nutrient environment seems to provide rich nutrient returns, but with
increasing MPs attachment to roots, it may be difficult for maize to leave
the “nutrient dilemma” (Boots et al., 2019). Spatial heterogeneity in soil
nutrients drives plants to evolve an effective mechanism for monitoring
and searching for external nutrient patches (Giehl and von Wiren,
2014), and the exploration of “nutrient-rich areas” by roots determines
the plant nutrient foraging efficiency (McCormack et al., 2012).
Compared with constructing expensive roots, plants with cheap roots
can more accurately explore soil nutrient hotspots (Weemstra et al.,
2016). After weighing the availability of external nutrients and the
status of internal nutrients, plants may prefer a lower-cost root con-
struction mode, that is, fast-renewing and cheap roots (high SRL), to
cope with stronger interference frequency (Chen et al., 2021).
Interestingly, our study also identified additional root resource in-
vestments, i.e., increases in RD and RL (Fig. 3E and F). Nutrient limi-
tation activates foraging behavior driven by morphological changes in
the plant root system by stimulating the elongation of the plant root
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system, i.e., by increasing the area of root-soil interaction to sustain
plant growth (Giehl and von Wiren, 2014). A previous study also
observed that the foraging activity of roots increases with the increase in
RD, showing the strongest response signal in resource-rich patches
(Kong et al., 2019). The selection of plants to adapt to environmental
stress and growth homeostasis may lead to the evolution of root trait
combinations (Pellegrini et al., 2023). The co-selection of root traits by
MPs disturbances in multi-nutrient environments may have promoted
trait correlations in the RES. In addition, coevolution, that is, plants
choosing one (or two) trait to cause the evolution of another trait,
among underground traits with genetic connection is not surprising
(Chen et al., 2021). Root traits, i.e., SRL, RL, and RD, which are strongly
correlated with changes in MPs content patterns with general MPs
interference, may be one of the trait combinations that aids in the future
understanding of the interaction between MPs and plant adaptability,
especially in multi-nutrient environments.

5. Conclusions

Reliable information on the fate and potential impacts of crops is
essential for policy development in managing MPs pollution and its
threat to agroecosystems. This study provides experimental evidence
revealing the primary role of MPs interference in regulating the func-
tional traits of maize and mediating its growth under different nutrient
environments. MPs disrupt the equilibrium of maize physiological status
by weakening its photosynthetic performance. However, the increase in
soil nutrients masked the negative effects of MPs on maize growth.
Specifically, > 0.5 % MPs disturbance promoted the nutrient foraging
activity of maize and its growth by optimizing the functional structure of
root system, that is, by reducing the construction cost of input roots
(high SRL). This study emphasizes that the adaptive phenotypic plas-
ticity of roots enables them to respond to nutritional cues to mask the
negative effects of MPs. The study describes the short-term effects of
MPs on crop growth; however, in the long term, the role of MPs as
persistent stressors in agricultural soils may change over time and
accumulate and translocate in the crop. It is important to consider that
crops have been or will likely be exposed to levels of MPs contamination
capable of altering their physiological state, and subsequent studies may
include additional comparisons using other soils and MPs types. Our
results aid in the formulation of food security and risk management
policies and the protection of soil health in future agricultural
environments.
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