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Abstract:  16 

 17 

1. Introduction 18 

In the Anthropocene, human activities and artificial products profoundly change 19 

the earth. Plastic, as an artificially synthesized compound, is now ubiquitous on the 20 

earth even near the top of Mount Everest, the highest peak in the world (Napper et al., 21 







crop growth and yield. 66 

Our study evaluated the legacy effects of 33 years of PFM on soil properties, 67 

succeeding maize growth, and yield in a continuous plastic film mulching and 68 

fertilization experiment initiated in 1987. To investigate the legacy effect, previous 69 

mulching plots were not covered with polyethylene film in 2021 and never mulching 70 

plots were set as control. Maize aboveground and belowground growth indexes (stem 71 

thick, height, chlorophyll, flavonoid, root-associated phosphatase activity, root P, root 72 

morphological characteristics parameter, and biomass) and soil basic physical and 73 

chemical properties were measured at the six leaf stage, tasseling stage, and 74 

physiological maturity stage. Maize yield and ripening time were measured at the end 75 

of the growing season. The aim is to test the hypothesis: long-term PFM would have a 76 

negative legacy on maize growth and yield, due to large amounts of plastic and 77 

microplastic accumulation in soil. 78 

2. Materials and methods 79 

2.1 Study site and experiment design 80 

The experimental field site was the long-term plastic film mulching and 81 

fertilization station (built in 1987) at Shenyang Agriculture University (41°49’N, 82 

123°34’E) in Shenyang, Liaoning Province, China. This site has a temperate 83 

continental monsoon climate, with a mean annual temperature of 7.9 °C and average 84 

annual rainfall of about 705 mm. The soil is a brown earth according to Chinese Soil 85 

Taxonomy (a Haplic-Udic Alfisol according to US Soil Taxonomy). The experiment 86 





randomly selected from each plot, plant height was measured from the base to the 108 

highest with steel tape, and stem thick which was the middle diameter of the second 109 

aboveground section was measured with a vernier caliper. 110 

Leaf pigment, above- and below-ground biomass, root morphological properties, 111 

root phosphorus concentration, and its-associated phosphatase activity were measured 112 

at the sixth leaf stage (V6, the key period from vegetative to reproductive growth, 113 

about 48 days after seeding), tasseling stage (VT, the period when the plant reaches its 114 

full height and begins to shed its pollen, about 90 days after seeding), and 115 

physiological maturity stage (R6, about 149 days after seeding). The sampling dates 116 

for the three stages were the time when more than 80 % of the plants are in that stage. 117 

Chlorophyll and flavonoid contents were measured for the third fully expanded 118 

mature leaf from top to bottom for a selected plant at 9:00-11:30 in the morning using 119 

a Dualex Scientific + device (Force-A, Orsay, France). Two plants were sampled from 120 

each plot, and then divided into aboveground and belowground tissues by cutting the 121 

first section of the stem with a sickle. Plant tissues were oven-dried at 60°C to 122 

constant weight. At each plot, two plant roots in each plot were randomly sampled by 123 

digging up the soil adjacent to the main trunk up to a radius of 15 cm and a depth of 124 

40 cm and collected all scattered roots. The roots were washed with tap water to 125 

remove soil and then wash it with ultrapure water for 3~5 times. One plant root was 126 

cut into parts, and measured by a root scanner (EPSON Expression 11000XL) and an 127 

image analyzer (EPSON Expression 11000XL) for root morphology, including total 128 

root length, total surface area, total volume. Scanned roots were dried to a constant 129 







2.3 Statistical analyses and calculations 174 

The effects of PFM (PrevPFM and NeverPFM), N fertilization (N0 and N135) and 175 

their interactions on soil and crop parameters were assessed by two-way ANOVA. 176 

Normality of residuals and homogeneity of the variances of the residuals across 177 

groups were checked for each ANOVA. Pearson correlation analyses were conducted 178 

between plant growth parameters and soil properties at the sixth leaf stage, tasseling 179 

stage, and physiological maturity stage, respectively. We found the three soil 180 

parameters (i.e., pH, moisture, and Olsen-P concentrations) were well correlated with 181 

most plant growth parameters, especially at six leaf stage. 182 

To understand how the treatments (PrevPFM v.s. NeverPFM and N0 v.s. N135) 183 

influence total maize performance and their relations with soil properties, redundancy 184 

analysis (RDA) was conducted based on the data of crop performance (stem thick, 185 

height, aboveground biomass, belowground biomass, total root length, root surface 186 

area, chlorophyll, root P, and APase) and soil properties (pH, soil moisture, Olsen-P, 187 

bulk density, soil porosity, water holding capacity and AcP). Monte Carlo 188 

permutations were used to test significance of relationships between selected soil 189 

factors and plant growth (P < 0.05), and then tests the significance of the difference 190 

between each soil factor and plant growth through the envfit function in vegan 191 

package. RDA was performed using R. 4.1.3. The other statistics analyses were 192 

conducted using SPSS version 22.0. All reported differences are significant at P < 193 

0.05. 194 



3. Results 195 

3.1 Soil properties 196 

Soil moisture was always higher for previous plastic film mulching than for 197 

never mulching (most P < 0.05, Fig. 1a). Soil pH had a higher value at previous 198 

plastic film mulching plot than at never plastic film mulching plot only at N135 level 199 

(Fig. 1b). Soil NH4
+-N concentrations were similar between previous and never 200 

plastic film mulching (P > 0.05, Fig. 1c), but NO3
--N concentrations were lower for 201 

previous plastic film mulching than never plastic film mulching at the sixth leaf stage 202 

and tasseling stage (P < 0.05 and P < 0.001, Fig. 1d). Soil Olsen-P concentrations and 203 

phosphatase activity were both similar between previous and never plastic film 204 

mulching ) in all studied stages (P > 0.05, Fig. 1e and 1f). 205 

Soil moisture was lower at N fertilized plot than at no fertilized plot for most 206 

time in growth season (Fig. 1a). Soil pH was dramatically lower at N fertilized plot 207 

than at no fertilized plots (P < 0.001, Fig. 1b). As expected, N fertilized plot had 208 

larger soil NO3
--N concentrations than at no fertilized plot, especially for never plastic 209 

film mulching (P < 0.001, Fig. 1d), but these two plots had similar NH4
+-N (P > 0.05, 210 

Fig. 1c). Soil Olsen-P concentrations were lower at N fertilized plot than no fertilized 211 

plot, especially at the sixth leaf stage (P = 0.004, Fig. 1e). Soil phosphatase activity 212 

did not have the difference between the contrasting fertilized plots (P > 0.05, Fig. 1f). 213 





(a) denote main effects of plastic film mulching within the ANOVA results 221 

at P < 0.01, and P < 0.05, respectively. The values behind ‘PFM’, ‘N’ or 222 

‘PFM × N’ represent the P values for main effects of plastic film mulching, 223 

N fertilization, and their interaction, respectively. Only P values less than 224 

0.05 were showed in panels. 225 

3.2 Maize above- and below-ground parameters 226 

Long-term plastic film mulching did not have a negative legacy for succeeding 227 

maize, but even promoted maize growth sometimes. Maize stem was generally thicker 228 

and height was greater for previous plastic film mulching than for never mulching, 229 

especially at N135 level (Fig. 2a, 2b). Correspondingly, aboveground biomass was 230 

larger for previous plastic film mulching than for never mulching, but these 231 

differences only occurred at the sixth leaf stage (P < 0.05, Fig. 2f) and disappeared at 232 

tasseling and maturity stages (P > 0.05). Both leaf chlorophyll and flavonoid 233 

concentrations and NBI were similar between previous and never plastic film 234 

mulching (P > 0.05, Fig. 2c, 2d, 2e). Total root length was higher for previous plastic 235 

film mulching than for never mulching at the sixth leaf stage (P < 0.05, Fig. 3a), but 236 

this trend was reversed at physiological maturity stage (P < 0.05). However, other 237 

root properties, i.e., total surface area, total volume, biomass, root-associated 238 

phosphatase activity, and root P were all similar between previous plastic film 239 

mulching than for never mulching (P > 0.05, Fig. 3b, 3c 3d, 3e, 3f), except for total 240 

surface area at physiological maturity stage (P < 0.05). 241 



Long-term N fertilization inhibited maize growth, especially at the seedling stage. 242 

Specifically, maize stem was finer and height was greater at N fertilized plot than at 243 

no fertilized plot during the whole growing season (Fig. 2a and 2b). Correspondingly, 244 

aboveground biomass was much smaller at N fertilized plot than at no fertilized plot, 245 

but these differences only occurred at the sixth leaf stage (P < 0.05, Fig. 2f) and 246 

disappeared at tasseling and maturity stages (P > 0.05). At the sixth leaf stage, N 247 

fertilized plot had lower chlorophyll concentrations and NBI but higher flavonoid 248 

contents in leaves than no fertilized plot, especially for never plastic film mulching 249 

(both P < 0.01, Fig. 2c, 2d, 2e). Oppositely, at tasseling and maturity stages, 250 

chlorophyll concentration was higher at N fertilized plot, especially for never plastic 251 

film mulching (Fig. 2c). Root generally had similar trends toward N fertilization with 252 

aboveground biomass. Root biomass, total root length, total surface area, total volume 253 

were much smaller at N fertilized plot than at no fertilized plot at sixth leaf stage (all 254 

P < 0.01, Fig.3 a, b, c, d), but the difference disappeared at tasseling and maturity 255 

stages (P > 0.05). In response to Olsen-P deficiency induced by N fertilization (Fig. 256 

1e), root-associated phosphatase activity was higher at N fertilized plot than no 257 

fertilized plot during the whole growing season (P < 0.05, Fig. 3e). Accordingly, root 258 

P concentrations were lower at N fertilized plot, especially for maturity stage (P < 259 

0.001, Fig. 3f). 260 

 261 
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