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Abstract:

Plastic pollution in croplands has the potential to threaten long-term food security.
Plastic mulching film is widely used in agricultural ecosystems, and its long-term use
may leave a net negative legacy on maize growth and yield, due to deleterious effects
of plastic and microplastic accumulation in soil. Here, we stopped covering soil with
plastic film in an experimental site that was previously covered for 33 years, and
compared soil properties and subsequent maize growth and yield between plots that
were previously and never covered with plastic film. Maize growth and yield were
generally similar between previously and never-mulched plots. Maize had an earlier
dough stage (6~10 days) in previously mulched compared to never-mulched plots.
Although plastic film mulching did add substantial amounts of film residues and
microplastic accumulation into soils, it did not leave a net negative legacy (given the
positive effects of the mulching practice in the first place) for soil structure, and
subsequent maize growth and yield, at least not as an initial effect in our experiment.
Our data add long-term information on this important form of plastic pollution in

agricultural systems.
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Synopsis: Our study indicate that the practice of plastic film mulching and its plastic
residues in croplands do not pose an unsurmountable threat to food security, at least as

gauged against the legacy of the positive effects of the mulching practice.

Keywords: Plastic pollution, Microplastic; Legacy effect; Soil health; Crop

performance

1. Introduction
In the Anthropocene, human activities and products profoundly change the earth.
Plastics, a group of artificially synthesized compounds, are now ubiquitous on the earth
even in remote places such as near the top of Mount Everest .. In recent decades, plastic
pollution has attracted great attention due to its potential ecological and environmental
implications on a global scale 2. Consequently, plastic pollution was recently listed as
one of the top 10 global environmental problems by the United Nations Environment
Program 2. Compared with plastic pollution of oceans and freshwater, little is known
about plastic pollution of terrestrial ecosystems * 2. Due to the widespread use of plastic
mulch, shed plastic film, and biosolids ®%, croplands have been identified as a major
source of plastic debris °. Due to the plastic film residue accumulation negatively
impacting soil health, plastic pollution in croplands has the potential to threaten long-
term food security 2.
Polyethylene (PE) plastic film mulching (PFM) is widely used in global
agricultural ecosystems to improve plant growth because it increases soil temperature

and moisture 114, A recent meta-analysis showed that PFM increased crop yields by
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24% on average '>. However, increased adoption and time of soil contact results in
greater soil accumulation of plastic residues because plastic films often cannot be
completely removed, especially the thin films (i.e., 5~8 pum thick) used in countries
such as China 1. Our recent study showed that macro-residues of plastic film (diameter >
5 mm) were as high as 360 kg ha™! and film-derived microplastics (< 5 mm) exceeded
8000 items per kg soil in the 0~10 cm layer after 32 years of plastic film mulching /.
Excessive residual plastic accumulated in soil could decrease pore connectivity and
porosity 1%, thus affecting the movement of nutrients and water in the soil 2%, Thus, the
germination of crop seeds and the development of roots would be also compromised by
the residual film 2% 2!, Moreover, PFM, or polyethylene film-derived plastic fragments
or microplastic accumulation may induce soil water repellency 2 and increase water
evaporation 22, Therefore, long-term PFM is expected to leave a negative legacy for
crop growth and yield.

Studies exploring the effect of plastic residual film or PE microplastic

accumulation in soil on crop performance show inconsistent results 2. Hu, et al. *°

found that maize yield was decreased by 15~18% and 23~25%, when adding plastic

1

film residues into the tillage layer at levels of 300 and 600 kg ha™", respectively. A meta-

analysis showed a reduction of yield by 3% for cotton but little effect on potato and
maize at 100 kg ha™! of residual film, as estimated through regression relationships

25

between yield and soil residual film % Negative 2, and no ¢

impacts of PE
microplastic on crop performance effect have both been reported for different types of

crop, such as maize. However, those previous studies were based on the artificial
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addition of plastic into soils, which may not fully reflect reality. The reason is that
plastic film in the field passes through a complex fragmentation and degradation
process, which requires appreciable time. To our knowledge, there is no evaluation of
the legacy of long-term PFM on subsequent crop growth and yield.

Our study evaluated the legacy effects of 33 years of PFM on soil properties, maize
growth, and yield in a continuous plastic film mulching and urea fertilization
experiment initiated in 1987. To investigate the legacy effect, previous mulching plots
were not covered with polyethylene film in 2021 and never-mulched plots served as a
control. Maize aboveground and belowground growth indices (stem diameter, height,
leaf chlorophyll and flavonoid contents, root-associated phosphatase activity, root P,
root morphological parameters, and biomass) and soil basic physical and chemical
properties were measured at the six leaf stage, tasseling stage, and physiological
maturity stage. Maize yield and maturation time were measured at the end of the
growing season. Our aim was to test the hypothesis that long-term PFM leaves a net
negative legacy on maize growth and yield, due to deleterious effects of plastic and
microplastic accumulation in soil outweighing any positive legacy effects of the
mulching practice (such as increased soil moisture). We also expect that long-term
nitrogen (N) fertilization with urea would have a negative effect on maize growth, due

to soil acidification and its induced plant phosphorus limitation.
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2. Materials and methods

2.1 Study site and experiment design

The experimental field site was the long-term polyethylene film mulching
(colorless and transparent, 8 um thick) and fertilization station (built in 1987) at
Shenyang Agriculture University (41°49°N, 123°34°E) in Shenyang, Liaoning Province,
China. This site has a temperate continental monsoon climate, with a mean annual
temperature of 7.9 °C and average annual rainfall of about 705 mm. The soil is a brown
earth according to Chinese Soil Taxonomy (a Haplic-Udic Alfisol according to US Soil
Taxonomy). The experiment was arranged in a split-plot design with two levels of
plastic film mulching (with and without) as main plots and two levels of N fertilizer as
subplots that produces a combination of 4 treatments with three plot replicates by
treatment. The fertilizer levels included (i) zero N fertilizer (No) and (ii) 135 kg N ha™!
year ! application (Ni3s5). Each plot had an area of 69 m>. The N fertilizer was urea
powder, applied as basal fertilizer in spring. The crop type is monoculture maize (Zea
may L.) with a conventional tillage system and does not change since 1987. A detailed
description of agricultural operations at this field can be seen in Ding, et al. ',

In order to investigate the legacy effect of previous PFM, two ridges (5 m*2 m)
were randomly selected within previous PFM plots to cease covering with plastic film
in 2021: this is referred to previous PFM (PrevPFM). Plots that never possessed PFM
were set as the control i.e. never-PFM plots (NeverPFM). Soil properties and maize

growth at the No and Ni3s plots under previous and never-plastic film mulching
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treatments (called No-PrevPFM, Niss-PrevPFM, No-NeverPFM, Niss-NeverPFM,

respectively) were measured during the growing season in 2021.

2.2 Sampling and measurements

Soil moisture, plant height, and stem diameter were measured every 7 days from
June to July, every 14 days from July to August, and every 21 days from August to
September in 2021. Soil moisture was measured at a depth of 10 cm using a moisture
probe (Trime ®-Pico 64/32, IMKO GmbH, Ettlingen, Germany). Three plants were
randomly selected from each plot. Plant height was measured from the base to the tip
with steel tape, and stem diameter, defined as the middle diameter of the second
aboveground section, was measured with a vernier caliper.

Leaf pigments, above- and below-ground biomass, root morphological properties,
root phosphorus concentration, and associated phosphatase activity were measured at
the sixth leaf stage (V6, the key period from vegetative to reproductive growth, about
48 days after seeding), tasseling stage (VT, the period when the plant reaches its full
height and begins to shed its pollen, about 90 days after seeding), and physiological
maturity stage (R6, about 149 days after seeding). The sampling dates for each of the
three stages occurred when more than 80% of the plants were in that respective stage.
Chlorophyll and flavonoid contents were measured for the third fully expanded mature
leaf from top to bottom for a selected plant at 9:00~11:30 in the morning using a Dualex
Scientific + device (Force-A, Orsay, France). Two plants were sampled from each plot,

and then divided into aboveground and belowground tissues by cutting the first section
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of the stem with a sickle. Plant tissues were oven-dried at 60°C to constant weight.
Within each plot, two plants were randomly sampled by excavating the soil adjacent to
the main trunk up to a radius of 15 cm and a depth of 40 cm, and collecting all scattered
roots. Roots were washed with tap water to remove soil and then rinsed with ultrapure
water 3~5 times. Roots from a single plant were cut into parts, and measured using a
root scanner (EPSON Expression 11000XL) and an image analyzer (the WinRHIZO
software, Regent Instr., QC, Canada) for root morphology, including total root length,
total surface area, total volume. Scanned roots were dried to a constant mass at 60°C
and then weighed. Dry roots were ground and passed through a 0.25 mm sieve and then
digested with a combination of H>SO4 and H>O; (8:5) to determine root phosphorus
concentrations 2. The remaining root was used to determine root-associated
phosphatase activity (APase) 2.

Soil samples were collected at 0~20 cm layer for the measurements of pH, plant-
available soil phosphorus (Olsen-P), soil acid phosphatase (AcP), ammonium nitrogen
(NH4"-N) and nitrate nitrogen (NOs™-N) contents, bulk density, total porosity, and water
holding capacity at corresponding crop stages. Three soil cores were randomly sampled
using an auger (4 cm in diameter) and then composited for each plot. Soil samples were
passed through a 2-mm sieve to remove plant debris and gravel. One part was air-dried
to determine soil pH and Olsen-P, and the field-moist soil was used to determine soil
acid phosphatase (AcP), NH4+"-N and NOj3™-N (values were expressed on a dry weight
basis). Soil pH was measured by a glass electrode in a 1:2.5 soil/distilled water

suspension after shaking. Olsen-P concentration was measured after extraction with 0.5
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M NaHCO3; according to the colorimetric method . Soil NH4"-N and NOs™-N were
extracted with 10 mM CaCl; (soil: water = 1:10) and measured using a continuous flow
analyzer (Bran-Luebbe AA3, Germany). Soil bulk density, total soil porosity, and soil
water holding capacity were determined according to the cutting-ring method in Chen
3L After crop harvest in autumn, soil compaction was measured using a soil compaction
meter (Spectrum SC 900in, United States). The conical head was pushed down at a
constant speed and inserted into the soil to 45 cm depth, and data were automatically
read and recorded.

Soil acid phosphatase activity and root-associated phosphatase activity were

measured following the spectrophotometer method in Lin, et al. *°. Briefly, 1 g fresh

soil or 0.2 g fresh roots (< 2mm) were transferred into a centrifuge tube containing 50
mM acetate buffer (pH = 5.0). Then, 5 mM p-nitrophenyl phosphate (pNPP) was added
to the centrifuge tube as the reaction substrate. The centrifuge tube was kept in the dark
at 20 °C for 1 hour, until stopping the reaction by adding 0.5 A NaOH and 0.5 M CaCl,.
Absorbance of p-nitrophenol (pNP) in the supernatant was then measured at 410 nm by
a Unic-7200 Spectrophotometer (Shanghai, China). Four analytical replicates were
used for each root sample, including a blank. For the blank, pNPP was added after
NaOH and CaCl; stopped the reaction. The concentration of pNP is obtained by the
standard curve between the configured pNP concentration and the absorbance value.
Soil phosphatase activity is expressed by pNP produced in the above reaction divided
by reaction time and dry weight. Root-associated phosphatase activity is expressed by

PNP produced in the above reaction divided by reaction time and fresh weight.
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Moreover, we observed and recorded the time when maize entered into dough
stage, which is defined as the time when most kernels are becoming a consistency
similar to dough and accumulate almost 50% of the dry mass *2. At the physiological
maturity stage, the yield was measured through randomly selecting four plants in the
middle of each plot. The 100-seed dry weight (randomly chosen 100 maize seeds) and
the length of the maize cob were recorded. Maize ears were dried at 60 °C to constant

weight in an oven and then used to obtain the yield.

2.3 Statistical analyses and calculations

The effects of PFM (PrevPFM and NeverPFM, whole-plot factor), N fertilization
(No and Ni3s, subplot factor) and their interactions on soil and crop parameters were
assessed by split-plot ANOVA at each sampling time. Normality of residuals and
homogeneity of the variances of the residuals across groups were checked through the
Shapiro-Wilk test and Levene's test, respectively >, When necessary, the data were
logarithmically transformed. Pearson correlation analyses were conducted between
plant growth parameters and three soil parameters (i.e., pH, moisture, and Olsen-P
concentrations) at the sixth leaf stage, tasseling stage, and physiological maturity stage,
respectively.
To understand how the treatments (PrevPFM v.s. NeverPFM and Ny v.s. Ni3s)
influence total maize performance and their relations with soil properties, redundancy
analysis (RDA) was conducted based on crop performance data (stem diameter, height,

aboveground biomass, belowground biomass, total root length, root surface area,
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chlorophyll, root P, and APase) and soil properties (pH, soil moisture, Olsen-P, bulk
density, soil porosity, water holding capacity and AcP). Monte Carlo permutations were
used to test significance of relationships between selected soil factors and plant growth
(P <0.05), and we then tested the significance of the difference between each soil factor
and plant growth through the envfit function in vegan package. RDA was performed
using R. 4.1.3. The other statistics analyses were conducted using SPSS version 22.0.

All reported differences are significant at P < 0.05.

3. Results

3.1 Soil properties

Soil moisture was about 5-16% higher for previous plastic film mulching than for
never-mulching (most P < 0.05, df = 1, Fig. 1a, Table S1). Soil pH had a higher value
at previous plastic film mulching plot than at never plastic film mulching plot only at
Niss level (Fig. 1b). Soil NH4"-N concentrations were similar between previous and
never plastic film mulching (P > 0.05, df = 1, Fig. 1c), but NO3™-N concentrations were
lower for previous plastic film mulching than never plastic film mulching at the sixth
leaf stage and tasseling stage for Ni35 treatment (P = 0.03 and P < 0.001, df = 1, Fig.
1d). Soil Olsen-P concentrations and phosphatase activity were both similar between
previous and never plastic film mulching in all the growth stages (P > 0.05, df = 1, Fig.
le and 1f). Both NH4"-N and NO3-N concentrations were lower at tasseling and
physiological maturity stages than at sixth leaf stage (Fig. 1c and 1d). Soil phosphatase

activity were higher at tasseling and physiological maturity stages than at sixth leaf
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stage (Fig. 1f), although Olsen-P changed little across growth stages (Fig. 1e).

Soil moisture was about 5-21% lower at N fertilized plots than at non-fertilized
plots for most of the growing season (Fig. 1a, Table S1). Average soil pH was about
12~15% lower in N fertilized plots than in non-fertilized plots across growth stages (P
<0.001, df = 1, Fig. 1b). Soil NO3™-N concentrations were about 4 and 35 times higher
at N fertilized plots than at non-fertilized plots during the sixth leaf stage and tasseling
stage, respectively (P < 0.001, df = 1, Fig. 1d), but these two plots had similar NH4"-N
(P>0.05, df = 1, Fig. 1c). Soil Olsen-P concentrations were lower in N fertilized than
in non-fertilized plot, especially at the sixth leaf stage (i.e., 17.21 mg kg™ v.s. 9.89 mg
kg') (P =0.004, df = 1, Fig. 1e). Soil phosphatase activity did not differ between the

contrastingly fertilized plots (P > 0.05, df = 1, Fig. 1f).



247

248

249

250

251

252

253

35 7.2

(@) V6 i vT R6 )
A V6 PFM: 0.042 N: <0.001 PFMxN: < 0.001
) e VT N: <0.001 66
.28 o - 2 R6 N:<0.001 PFMxN: < 0.001
g iy A T | &
o ® 2D A d § 4 ™~ 6.0
2 A RN o e
0 21+ $A ‘ N : T
(o) = g 7 4 (4
£ 2 ANV 5.4
5 e A
@ 14| ©-&-NyNeverPFM '\ Y L
-0 - Nygs-NeverPFM '\ o 5 -4.8
--A - Ny-PrevPFM g
® - N,;5-PrevPFM
T e 7 e . W L4.2
34 41 48 55 62 76 90 104 125 146 V6 VT R6
Days after planting (growth period) Growth period
16 © I 70
: - z"‘Nil"erP?:M V6 .PFM: 0.030 N: < 0.001 PFMxN: 0.006
[T Nyas-Never VT{PFM: <0.001 N:<0.001 PFMxN: < 0.001} 60
124 B N-PrevPFM R6 |PFMxN: 0.007
b I N, ,;-PrevPFM e =
54 S w
z —_
> o) L L 3
£ . |2 : . 30 =z
b
f . . . . 2 g
Z 4 : : s
10
0 - f .
V6 VT R6 V6 VT R6
45 05
(e) *V6 N:0.004 . (f)
VT "
6 +0.4 o
o T3
2304 . 30
o . 032 @
£ 3 Q >
R ) =B
8 s 8
: : 028 &
3 15 . S o
(e} . : ; . . o2
T . |- Lol S
m . ﬂ . -I <
0 L0.0
V6 VT R6 V6 VT R6
Growth period Growth period
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data points are shown as black opaque circles. The symbols “**”, and in panel (a)
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denote main effects of plastic film mulching from ANOVA results at P < 0.01, and P
<0.05, respectively. The values behind ‘PFM’, ‘N’ or ‘PFM x N’ represent the P values
for main effects of plastic film mulching, N fertilization, and their interaction,

respectively. Only P values less than 0.05 are shown in panels.

3.2 Maize above- and below-ground parameters

Long-term plastic film mulching did not have a negative legacy for subsequent
maize, and promoted maize growth in some cases. Stem diameter and height were
generally greater for previous plastic film mulching than for never mulching across the
whole growing season, especially at Nj3s level (most P<0.05 or P<0.01, df =1, Fig. 2a,
2b). Correspondingly, aboveground biomass was larger for previous plastic film
mulching than for never mulching, but these differences only occurred at the sixth leaf
stage (P = 0.039, df = 1, Fig. 2f) and disappeared at tasseling and maturity stages (P >
0.05, df =1, Fig. 2f). Both leaf chlorophyll and flavonoid concentrations and NBI were
similar between previous and never plastic film mulching (P > 0.05, df = 1, Fig. 2c, 2d,
2e). Total root length was 46% higher in previous plastic film mulching than in never
mulching treatment at the sixth leaf stage (P = 0.018, df = 1, Fig. 3a), but this trend was
reversed at physiological maturity stage (P =0.019, df = 1). Similarly, root total surface
area was about 30% smaller for previous plastic film mulching than for never mulching
only at physiological maturity stage (P = 0.017, df = 1, Fig. 3b). However, other root
properties, i.e., total volume, biomass, root-associated phosphatase activity, and root P

were all similar between previous plastic film mulching and never mulching (P > 0.05,



275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

df =1, Fig. 3b, 3c 3d, 3e, 3f).

Long-term N fertilization inhibited maize growth, especially at the seedling stage.
Specifically, stem diameter and height were much lower in N fertilized plots than in
non-fertilized plots during the whole growing season (Fig. 2a and 2b). Correspondingly,
aboveground biomass was much smaller in N fertilized plots than in non-fertilized plots,
but these differences only occurred at the sixth leaf stage (P < 0.001, df = 1, Fig. 2f)
and disappeared at tasseling and maturity stages (P > 0.05, df = 1). At the sixth leaf
stage, plants from N fertilized plots had lower chlorophyll concentrations and NBI but
higher flavonoid contents in leaves than non-fertilized plots, especially for never plastic
film mulching (P < 0.001, Fig. 2¢; P = 0.002 Fig. 2e and P = 0.003, Fig. 2d.
respectively). By contrast, at tasseling and maturity stages, chlorophyll concentrations
were higher in N fertilized plots, especially for never plastic film mulching (P < 0.001,
df = 1, Fig. 2¢). Roots generally followed similar trends to aboveground biomass in
response to N fertilization. Root biomass, total root length, total surface area, and total
volume were much smaller in N fertilized than in non-fertilized plots at the sixth leaf
stage (all P <0.01, df =1, Fig.3 a, b, ¢, d), but the difference disappeared at tasseling
and maturity stages (P > 0.05). In response to Olsen-P deficiency induced by N
fertilization (Fig. le), root-associated phosphatase activities were about 20~100%
higher in N fertilized plot than in non-fertilized plots during the whole growing season
(all P <0.05 or P < 0.001, df = 1, Fig. 3e). Accordingly, root P concentrations were
lower in N fertilized plots, especially for the physiological maturity stage (P < 0.001,

df = 1, Fig. 3f).
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Fig.2 Maize above-ground parameters during various growth stages. Stem

diameter (a), height (b), leaf chlorophyll (¢), flavonoid(d), nitrogen balance index (e),

and aboveground biomass (f). Nitrogen balance index was calculated by

chlorophyll/flavonoid. V6: sixth leaf stage, VT: tasseling stage, R6: physiological

maturity stage. No: zero N fertilizer, Ni3s: 135 kg N ha™! yr'!, PrevPFM: previous
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plastic film mulching, NeverPFM: never plastic film mulching. Bars represent +
standard errors of the replicates (n = 3) and individual data points are shown as black
opaque circles. The symbols “**” and “*” in panel (a) denote main effects of plastic
film mulching from ANOVA results at P<0.01, and P < 0.05, respectively. The values
behind ‘PFM’, ‘N’ or ‘PFM x N’ represent the P values for main effects of plastic film
mulching, N fertilization, and their interaction, respectively. Only P values less than

0.05 are shown in panels.
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associated phosphatase activities (e), P concentration (f). V6: sixth leaf stage, VT:

tasseling stage, R6: physiological maturity stage. No: zero N fertilizer, N13s: 135 kg N
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mulching. Bars represent + standard errors of the replicates (n = 3) and individual data
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represent the P values for the main effects of plastic film mulching and N fertilization,

or their interaction, respectively. Only P values less than 0.05 are shown in panels.

3.3 Maize yield and maturation time

Maize yields were similar between previous and never plastic film mulching (P >
0.05, df =1, Fig. 4a), and also yield parameters (100-seed mass and spike length) (P >
0.05, df = 1, Fig. 4b, 4c). However, maize in previous plastic film mulching plots had
an earlier dough stage (6~10 days) than those in never mulching plots (Fig. 4d). Maize
yield was similar between fertilized and non-fertilized plots (P > 0.05, Fig. 4a). This
was also the case for spike length, but 100-seed mass was larger at fertilized than at
non-fertilized plots (P = 0.003, df = 1, Fig. 4b). At seeding stage, plants in N fertilized
plots displayed symptoms of serious P deficiency, indicated by purple leaf and obvious
growth inhibition, whereas plants at non-fertilized plot did not have these symptoms
(Fig. 4d). The symptoms in fertilized plots were a litter lighter for previous plastic film
mulching than never plastic film mulching. Although P deficiency symptoms were no
longer present at tasseling stage and maturity stage (Fig. 4d), the time of dough stage

was delayed in fertilized plot for 10~15 days.
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Fig.4 Maize yield (a), 100-seed mass (b), spike length (c), and growth process
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the P values for the main effects of plastic film mulching and N fertilization, or their

interaction, respectively. Only P values less than 0.05 are shown in panels.



3.4 The influence of PFM and N treatments on total maize performance and

their relations with soil properties

Redundancy analysis (RDA) results showed that axis 1 and axis 2 together
explained 91%, 88.49% and 86.01% of the variance between soil proporties and maize
performance at the sixth leaf stage, tasseling stage, and physiological maturity stage,
respectively (Fig. 5a, 5b, 5c). The groups of PrevPFM and NeverPFM generally
clustered together, both for No and Ni3s levels. By contrast, the groups Ni3s and No were
positioned at opposite ends of the first canonical axis, and the data points of Ny stood
generally in the positive direction of all the maize growth parameters (except for leaf
chlorophyll content and root-associated phosphatase activity) during all growth stages.
Soil pH and moisture were the two most important soil factors influencing maize
performance during all growth stages, and were positively correlated with most crop
growth parameters. Soil Olsen-P content was also a key factor for maize growth at the

sixth leaf stage, but did not play an important role after this period.
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<0.01, *** P<0.001.



4. Discussion

4.1 Legacy effects of long-term plastic film mulching

In contrast to our hypothesis, 33 years of plastic film mulching did not appear to
leave a net negative legacy on maize growth and yield, although root total length and
surface area were inhibited at previously mulched plots at physiological maturity stage
(Fig. 3a and 3b). This occurred despite the high levels of macro-plastic residues
(diameter >5 mm) present in the mulched plots in surface soil: plastic film residues had
accumulated to 360 kg ha™! or 6796 pieces m, of which about 80% were < 4 cm? and
20% were 4~25 cm? in area .. Plastic film residues accumulation may reduce maize

yield through inhibiting root growth and development 1>2% 3 Xie, et al. *° found that

the yield of maize was only decreased when the residual film amount was above 720

kg ha'. Hu, et al. ?° showed that maize yield was decreased by 15~18% and 23~25%,

when adding plastic film residues at 300 and 600 kg ha™!, respectively. Chen, et al.

**found that the threshold when maize yield started to decrease was 180 kg ha™! plastic
film residues. However, all these studies were conducted by artificially adding plastic
film residues to soil, in which the plastic residue is fresh and does not experience a
long-term aging process. Aged plastic residues may affect crop growth less than fresh
residue, because it is more brittle and easy to form holes, and may thus not interfere
with root growth as fresh ones. Fresh plastic film residues have high tensile strength
and are thus difficult to be torn, due to containing high molecular weight polymers with
high hydrophobicity and semi-crystalline structures *°. Contrastingly, aged plastic film
residues after ultraviolet radiation are easy to be fragmented into microplastics,
accompanied by the formation of cracks and cavities on the mulch film surface and an

increase in crystallinity and hydroxyl index_*’. Pflugmacher, et al. *® found that the




adverse effects on the germination and seedling growth of Lepidium sativum were
reduced as a function of the aging time applied to the polycarbonate. Accordingly, we
did not observe negative legacy on maize growth and yield though the amounts of
plastic film residues are close to or exceed the calculated thresholds. Similarly, a recent
meta-analysis did not observe a decrease in maize yield with increasing amounts of
residual films and more than half of their collected data points even showed an increase
in maize yield to plastic film residue %

Apart from macro-residues of plastic film, the accumulation of film-derived
microplastic reached as high as 8318 particles per kg soil in the 0~10 cm layer, 436
particles per kg soil in the 80~100 cm layer, and a total of 3.7x10° particles m™ soil in
0~100 cm soil profile in our mulched plots .. In the literature, numerals studies reported
that microplastic had caused inhibitory effects on higher plants (e.g., Qi. et al. *° and

Colzi, et al. ?’). However, the microplastic accumulation in our plot seems to have no

net negative impact on maize growth and yield. The reason could be that polyethylene
(PE) film-derived microplastic is not as toxic as other types of microplastic 2. Many
studies did not observe negative impact of PE microplastic on plant growth but
observed the negative impact for polyvinyl chloride (PVC) or polylactic acid (PLA)
microplastic 225, This may result from the minor effect of PE plastic on soil structure
and microbial activities, as compared to polyester and polyacrylic microplastics 2.
Nevertheless, several studies observed the negative impact of PE microplastic on maize
growth in pots 2° and hydroponic conditions *°, suggesting that our explanation needs
to be further verified.

On the contrary, 33 years of plastic film mulching even had a positive legacy for
maize at the seedling stage, as maize aboveground biomass and root length were larger

for previous plastic film mulching than for never mulching at the sixth leaf stage (P =



0.018, Fig. 2f, 3a). This may be driven by higher soil moisture for previous plastic film
mulching than for never-mulching (Fig. 1a, Table S1). The RDA result showed soil
moisture was a key soil property controlling crop growth performance and was
positively correlated with most growth parameters (Fig. 5a, S1). Higher soil moisture
was attributed to a higher degree of compaction of surface and subsurface soils for
previous plastic film mulching than for never-plastic film mulching (P < 0.05, Fig. S2),
which slowed down water evaporation. Accordingly, we observed deeper tracks from
tractors at previous plastic film mulching plots than at never-plastic film mulching plots
when planting in spring of 2021. This is supported by Sun and Ma *! who observed film
mulching promoted the movement of clay particles to the subsurface soil resulting in
obvious deposition and cementation. The reason could be linked with the diurnal
internal water cycle under the mulch, i.e., plastic mulch traps evaporative water, and
condensed water drops underneath the mulch during the daytime can be returned to soil
during the nighttime *2. Frequent alternation of wet and dry changes the composition of
soil particles, and more clay particles move and deposit with water, thereby blocking
the pore space and increasing soil compaction .. In our study, we observed the lower
soil porosity under previous PFM than under never PFM, although it only occurred at
the seedling stage (P = 0.03, Table S3). A soil incubation study also observed the
decrease of soil porosity after addition of plastic film residues_*’. Although a soil
incubation study observed the accelerated water evaporation from soil amended with
plastic film residues %, the plastic doses were 0.5% and 1% relative to soil mass and
much larger than the reality in our mulched plots. However, positive impacts of
previous plastic film mulching on maize growth did not occur at tasseling and maturity
stages. This suggests that soil moisture was a limiting factor for maize growth only at

the seedling stage but not later stages.



4.2 Impacts of long-term N fertilization

In our experiment, 33 years of only N fertilization induced severe P limitation for
maize growth, confirming our previous study '“. Soil Olsen-P (available for plant)
concentrations were lower in N fertilized plot than non-fertilized plots (Fig. le),
indicating a decline of soil P supply capacity following N fertilization. Accordingly,
maize root P concentrations were lower at fertilized plots (Fig. 3f). To alleviate this
situation, maize roots at fertilized plots secreted larger amounts of phosphatase
compared to non-fertilized plots (Fig. 3e). This is in line with previous studies which
have shown that long-term application of N fertilizer exacerbated P deficiency 2.
Ultimately, long-term N applications reduce soil pH, which has a major impact on soil
P solubility. Soil acidification following urea fertilization occurs due to the nitrification
process **. This acidification then increases the solubility of iron and aluminum
minerals *°, which can decrease soil P availability through re-precipitation of P with
free Fe®>" and AI** and also increase the ability of Fe and Al oxy-hydroxide minerals to
strongly adsorb P by ligand exchange “°. A 10-year N fertilized grassland experiment
also observed the increase of Al-P and Fe-P amounts with the decrease of pH *’. In our
study, although we did not measure Al-P and Fe-P, this mechanism is supported by the
decrease of soil pH by about 1 unit (Fig. 1b) and the increase DTPA-Fe (Table
S4)following 32 years of N fertilization. This is likely occurring in our case because the
pH dropped from above 6 to below 5.5, which is the pH zone in which P solubility
dramatically decreases due to the increase in Al solubility “°.

However, urea-induced P deficiency only inhibited maize growth at the sixth leaf
stage (Fig. 4). At this stage, maize leaves had lower chlorophyll concentration but
higher flavonoid concentration at fertilized plot at non-fertilized plot, also suggesting

plant growth suffering from stress following fertilization (Fig. 2c, d). In contrast at



middle (tasseling stage) and late stages (physiological maturity stage), maize
growth rates were greater on fertilized plots, indicated by its higher chlorophyll
concentration than non-fertilized plot. Maize above- and below-ground biomass at
fertilized plots eventually recovered to equal those at non-fertilized plots (Fig. 2f, 3f).
Seedling stage is the most vulnerable period when crops are sensitive to various
environmental stresses *%. At tasseling and maturity stages, maize may have multiple
strategies to relieve P deficiency. For example, the difference of root-associated
phosphatase between fertilized and non-fertilized plots (fertilized > non-fertilized)
increased from the sixth leaf stage to tasseling and maturity stages (Fig. 3e), suggesting
that maize root at fertilized plots was stimulated to secrete phosphatase at later stages
to increase P sources for uptake. In addition, the difference in root P content between
fertilized and non-fertilized plots (fertilized < non-fertilized) increased from at the sixth
leaf stage to tasseling and R6 (full maturity) (Fig.3b), suggesting that maize in fertilized
plots may have transferred large amounts of P from root to aboveground biomass at

later stages.

5. Conclusion

Our study evaluated the impacts of long-term plastic film mulching-derived film
residues and microplastic accumulation on crop performance. We demonstrate that 33
years of plastic film mulching did not leave a net negative legacy for subsequent maize
growth and yield. Although plastic film mulching can add substantial amounts of
macroplastic residues (360 kg ha') and microplastic (3.7x10° particles m)
accumulation into soils, it did not negatively impact soil structure and maize growth.
Plastic mulching is a management strategy that intentionally induces positive effects on

soils; our study therefore could only assess the net effects resulting from these positive



effects of the mulching practice (moisture legacy) and the presumed negative effects of
plastic accumulation. Our data showed that, at least in the short term, there are no strong
net negative effects on the parameters measured. Such negative effects may materialize
in the future, as the positive effects subside with the absence of plastic cover, while
negative effects become more apparent, for example by increasing fragmentation of
plastic to micro- or nanoplastic size. Future research should determine if there are
delayed negative effects of plastic pollution that develop with time after ceasing plastic
use, and also address whether the microplastics at this site have potential to become
nanoplastics and impact organisms. On the other hand, long term N fertilization resulted
in a pH decrease of about one unit, which likely led to decreased P solubility; this

manifested itself as a temporary maize P deficiency occurring in early stages of growth.

Acknowledgement:

This work was supported by the National Natural Science Foundation of China
(42071069), the National Key Research and Development Plan Project of China
(2021YFD1500200) and the UK Global Research Challenges Fund and the Natural
Environment Research Council (GCRF, Project NE/V005871/1). We thank Prof. Tida

Ge in Ningbo University for helpful comments on the experiment design.

Ethics declarations

The authors declare no competing interests.

References

(1)  Napper, L. E.; Davies, B. F. R.; Clifford, H.; Elvin, S.; Koldewey, H. J.; Mayewski, P. A.; Miner,



K. R.; Potocki, M.; Elmore, A. C.; Gajurel, A. P.; Thompson, R. C., Reaching new heights in plastic
pollution-preliminary findings of microplastics on Mount Everest. One Earth 2020, 3, 621-630.

(2)  Jambeck, J. R.; Geyer, R.; Wilcox, C.; Siegler, T. R.; Perryman, M.; Andrady, A.; Narayan, R.;
Law, K. L., Plastic waste inputs from land into the ocean. Science 2015, 347, 768-771.

(3) UNEP, Emerging Issues in Our Global Environment. Kenya, 2014.

(4) Blasing, M.; Amelung, W., Plastics in soil: analytical methods and possible sources. Sci. Total
Environ. 2018, 612, 422-435.

(5) Rillig, M. C.; Lehmann, A., Microplastic in terrestrial ecosystems. Science 2020, 368, 1430-
1431.

(6) Duis, K.; Coors, A., Microplastics in the aquatic and terrestrial environment: sources (with a
specific focus on personal care products), fate and effects. Environmental Sciences Europe 2016, 28, 2.

(7)  Ng, E. L.; Huerta Lwanga, E.; Eldridge, S. M.; Johnston, P.; Hu, H.-W.; Geissen, V.; Chen, D.,
An overview of microplastic and nanoplastic pollution in agroecosystems. Sci. Total Environ. 2018, 627,
1377-1388.

(8)  John, G.; Wang, P., Understanding the sources of microplastics in agroecosystems. Academia
Letters 2021.

(9)  Nizzetto, L.; Futter, M.; Langaas, S., Are agricultural soils dumps for microplastics of urban
origin? Environmental Science & Technology 2016, 50, 10777-10779.

(10) Zhang, D.; Ng, E. L.; 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., Plastic
pollution in croplands threatens long-term food security. Glob. Change Biol. 2020, 26, 3356-3367.

(11) Wang, Z.Y.; Li, M. X_; Flury, M.; Schaeffer, S. M.; Chang, Y.; Tao, Z.; Jia, Z. J.; Li, S. T.;
Ding, F.; Wang, J. K., Agronomic performance of polyethylene and biodegradable plastic film mulches
in a maize cropping system in a humid continental climate. Sci. Total Environ. 2021, 786, 147460.

(12) Ma, D. D.; Chen, L.; Qu, H. C.; Wang, Y. L.; Misselbrook, T.; Jiang, R., Impacts of plastic
film mulching on crop yields, soil water, nitrate, and organic carbon in Northwestern China: a meta-
analysis. Agric. Water Manage. 2018, 202, 166-173.

(13) Zhou, L. M.; Li, F. M_; Jin, S. L.; Song, Y., How two ridges and the furrow mulched with



plastic film affect soil water, soil temperature and yield of maize on the semiarid Loess Plateau of China.
Field Crop. Res. 2009, 113,41-47.

(14) Ding, F.;Li, S.Y.; Lu, X. T; Dijkstra, F. A.; Schaeffer, S.; An, T. T.; Pei, J. B.; Sun, L. J.; Wang,
J. K., Opposite effects of nitrogen fertilization and plastic film mulching on crop N and P stoichiometry
in a temperate agroecosystem. J. Plant Ecol. 2019, 12, 682-692.

(15) Gao, H. H.; Yan, C. R.; Liu, Q.; Ding, W. L.; Chen, B. Q.; Li, Z., Effects of plastic mulching
and plastic residue on agricultural production: a meta-analysis. Sci. Total Environ. 2019, 651, 484-492.

(16) Ding, F.; Li, S. T.; Wang, Z.; Feng, L. S.; Zhao, X. Y.; Wang, J. K., Residue and degradation

of plastic and degradable mulch in cropland and their effects on soil health: progress and perspective.

Journal of Hunan Ecological Science 2021, 8, 83-89.

(17) Li, S. T.; Ding, F.; Flury, M.; Wang, Z.; Xu, L.; Li, S.; Jones, D. L.; Wang, J., Macro- and
microplastic accumulation in soil after 32 years of plastic film mulching. Environmental Pollution 2022,
300, 118945.

(18) Yan, C. R.; Mei, X. R.; He, W. Q.; Zhen, S. H., Present situation of residue pollution of
mulching plastics film and controlling measures. Transactions of the Chinese Society of Agricultural
Engineering 2006, 11, 269-272.

(19) Li, Y. Q.; Zhao, C. X.; Yan, C.R.; Mao, L. L.; Liu, Q.; Li, Z.; He, W. Q., Effects of agricultural
plastic film residues on transportation and distribution of water and nitrate in soil. Chemosphere 2020,
242,125131.

(20) Hu, Q.; Li, X. Y.; Goncalves, J. M.; Shi, H. B.; Tian, T.; Chen, N., Effects of residual plastic-
film mulch on field corn growth and productivity. Sci. Total Environ. 2020, 729, 138901.

(21) Hu, C.; Wang, X. F.; Wang, S. G.; Lu, B.; Guo, W. S.; Liu, C. J.; Tang, X. Y., Impact of
agricultural residual plastic film on the growth and yield of drip-irrigated cotton in arid region of Xinjiang,
China. International Journal of Agricultural and Biological Engineering 2020, 13, 160-169.

(22) Steinmetz, Z.; Wollmann, C.; Schaefer, M.; Buchmann, C.; David, J.; Tréger, J.; Mufioz, K.;
Fror, O.; Schaumann, G. E., Plastic mulching in agriculture. Trading short-term agronomic benefits for
long-term soil degradation? Sci. Total Environ. 2016, 550, 690-705.

(23) Wan, Y.; Wu, C. X,; Xue, Q.; Hui, X. M. N., Effects of plastic contamination on water
evaporation and desiccation cracking in soil. Sci. Total Environ. 2019, 654, 576-582.

24) Li, J; Yu, S. G; Yu, Y. F.; Xu, M. L., Effects of microplastics on higher plants: a review.



Bulletin of Environmental Contamination and Toxicology 2022, 109, 241-265.

(25) Pehlivan, N.; Gedik, K., Particle size-dependent biomolecular footprints of interactive
microplastics in maize. Environ. Pollut. 2021, 277, 116772.

(26) Qi Y. L.; Yang, X. M.; Pelaez, A. M.; Huerta Lwanga, E.; Beriot, N.; Gertsen, H.; Garbeva,
P.; Geissen, V., Macro- and micro- plastics in soil-plant system: effects of plastic mulch film residues on
wheat (Triticum aestivum) growth. Sci. Total Environ. 2018, 645, 1048-1056.

(27) Colzi, I.; Renna, L.; Bianchi, E.; Castellani, M. B.; Coppi, A.; Pignattelli, S.; Loppi, S.;
Gonnelli, C., Impact of microplastics on growth, photosynthesis and essential elements in Cucurbita pepo
L. Journal of Hazardous Materials 2022, 423, 127238.

(28) Wang, F.Y.; Zhang, X. Q.; Zhang, S. Q.; Zhang, S. W.; Sun, Y. H., Interactions of microplastics
and cadmium on plant growth and arbuscular mycorrhizal fungal communities in an agricultural soil.
Chemosphere 2020, 254, 126791.

(29) Bao, S. D., Soil and Agricultural Chemistry Analysis. China Agricultural Press: Beijing, 2000.

(30) Lin, G. G.; Gao, M. X.; Zeng, D. H.; Fang, Y. T., Aboveground conservation acts in synergy
with belowground uptake to alleviate phosphorus deficiency caused by nitrogen addition in a larch
plantation. Forest Ecology and Management 2020, 473, 118309.

(31) Chen, L. X., Practice Course of Soil Test. Northeast Forestry University Press: Harbin, 2005.

(32) Guo, Q. E,; Wang, Q. C.; Wang, L. M., Cultivation Science of Maize. Shanghai scienctific and
technical publishers: Shanghai, 2004.

(33) Geisseler, D.; Horwath, W. R.; Doane, T. A., Significance of organic nitrogen uptake from
plant residues by soil microorganisms as affected by carbon and nitrogen availability. Soil Biol. Biochem.
2009, 41, 1281-1288.

(34) Chen, P. P; Gu, X. B.; Li, Y. N.; Qiao, L. R.; Li, Y. P;; Fang, H.; Yin, M. H.; Zhou, C. M.,
Effects of residual film on maize root distribution, yield and water use efficiency in Northwest China.
Agric. Water Manage. 2022, 260, 107289.

(35) Xie,H.E.;Li, Y. S.; Yang, S. Q.; Wang, J. J.; Wu, X. F.; Wu, Z. X., Influence of residual plastic
film on soil structure crop growth and development in fields. Journal of Agro-Environment Science 2007,
26, 153-156.

(36) Kasirajan, S.; Ngouajio, M., Polyethylene and biodegradable mulches for agricultural

applications: a review. Agron. Sustainable Dev. 2012, 32, 501-529.



(37) Yang, Y.; Li, Z.; Yan, C. R.; Chadwick, D.; Jones, D. L.; Liu, E. K.; Liu, Q.; Bai, R. H.; He,
W. Q., Kinetics of microplastic generation from different types of mulch films in agricultural soil. Sci.
Total Environ. 2022, 814, 152572.

(38) Pflugmacher, S.; Tallinen, S.; Kim, Y. J.; Kim, S.; Esterhuizen, M., Ageing affects microplastic
toxicity over time: Effects of aged polycarbonate on germination, growth, and oxidative stress of
Lepidium sativum. Science of The Total Environment 2021, 790, 148166.

(39) Machado, A. A. D.; Lau, C. W,; Till, J.; Kloas, W.; Lehmann, A.; Becker, R.; Rillig, M. C.,
Impacts of Microplastics on the Soil Biophysical Environment. Environmental Science & Technology
2018, 52, 9656-9665.

(40) Urbina, M. A.; Correa, F.; Aburto, F.; Ferrio, J. P., Adsorption of polyethylene microbeads and
physiological effects on hydroponic maize. Sci. Total Environ. 2020, 741, 140216.

(41) Sun, W.; Ma, M., Response of soil physical degradation and fine root growth on long-term
film mulching in apple orchards on Loess Plateau. Chinese Journal of Plant Ecology 2021, 45, 972-986.

(42) Ding, F.;Ji, D.; Yan, K.; Dijkstra, F. A.; Bao, X.; Li, S.; Kuzyakov, Y.; Wang, J., Increased soil
organic matter after 28 years of nitrogen fertilization only with plastic film mulching is controlled by
maize root biomass. Sci. Total Environ. 2022, 810, 152244.

(43) Wang, Z. C.; Li, X. Y.; Shi, H. B.; Sun, M.; Ding, T.; Wang, C. G., Effects of residual plastic
film on soil hydrodynamic parameters and soil structure. Tramsactions of the Chinese Society for
Agricultural Machinery 2015, 46, 101-106.

(44) Schroder, J. L.; Zhang, H. L.; Girma, K.; Raun, W. R.; Penn, C. J.; Payton, M. E., Soil
acidification from long-term use of nitrogen fertilizers on winter wheat. Soil Sci. Soc. Am. J. 2011, 75,
957-964.

(45) Lindsay, W. L., Chemical equilibria in soils. John Wiley and Sons Ltd: 1979.

(46) Penn, C. J.; Camberato, J. J., A critical review on soil chemical processes that control how soil
pH affects phosphorus availability to plants. Agriculture 2019, 9, 120.

(47) Wang, R. Z.; Yang, J. J.; Liu, H. Y.; Sardans, J.; Zhang, Y. H.; Wang, X. B.; Wei, C. Z.; Li, X.
T.; Dijkstra, F. A.; Jiang, Y.; Han, X. G.; Pefiuelas, J., Nitrogen enrichment buffers phosphorus limitation
by mobilizing mineral-bound soil phosphorus in grasslands. Ecology 2022, 103, €3616.

(48) Jisha, K. C.; Vijayakumari, K.; Puthur, J. T., Seed priming for abiotic stress tolerance: an

overview. Acta Physiologiae Plantarum 2013, 35, 1381-1396.






