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ABSTRACT: As ubiquitous environmental contaminants, microplastics (MPs) have garnered global concern due to
their persistence, bioaccumulation potential, and multifaceted threats to ecosystem health. These particles threaten
terrestrial ecosystems via soil contamination; however, research on their phytotoxicity remains predominantly focused
on herbaceous plants. The responses of woody plants to MPs and their interspecific differences are severely unexplored.
Here, two important ecological and economical tree species in southern China, Pinus massoniana (P. massoniana) and
Schima superba (S. superba), were selected to explore the ecotoxicity effects of polyethylene (PE) and polypropylene
(PP) MPs (the two most abundant species in the soil) on seedling growth characteristics, specific leaf area (SLA) and
biomass allocation at 0%, 1%, 5% and 10% concentration gradients in the 120-day potted experiment. The results showed
that the inhibition effect of MPs was concentration and tree species-dependent. Seedling height, basal diameter, and
total biomass of P. massoniana decreased significantly with increased concentration, while S. superba showed a non-
significant growth effect at 1% concentration. The SLA was generally increased, revealing that plants enhanced their
light capture ability through leaf morphological plasticity to compensate for the loss of carbon assimilation. There were
interspecific differences in root investment strategies: the root-shoot ratio of P. massoniana was significantly reduced
by 48.43% under 10% PP treatment. In comparison, the root-shoot ratio of S. superba was significantly reduced by
maintaining a higher root-shoot ratio (65.26% higher than that of P massoniana on average) and phased resource
allocation (5% concentration biomass is higher than 10%) partially alleviated the toxic pressure. Collectively, our results
indicate that the ecotoxicity of MPs was mainly driven by concentration and was not correlated with type (PE/PP), while
the differences in tree species response were closely related to their resource allocation strategies and morphological
plasticity. These findings imply that MPs contamination can differently impact the growth and development of dominant
tree species, potentially altering the structure, diversity, and function of forest ecosystems. This study systematically
revealed the growth response mechanism of native common tree species to MPs pollution and provided a theoretical
basis for sustainable management of plantations and toxicological risk assessment of forest ecosystems.
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1 Introduction

Current evaluations confirm global plastic production has exceeded hundreds of million tons annu-
ally [1]. Projections suggest future outputs may rise by orders of magnitude within three decades, while
recycling rates remain below 10% [2,3]. Discarded plastics undergo physicochemical degradation in the
environment, progressively fragmenting into smaller particulate matter. Particles with diameters below
5 mm are operationally classified as microplastics (MPs). Their nanoscale dimensions and persistent
molecular configuration facilitate uptake by vascular plants [2,4,5]. Plastic film use, tire abrasion, and
atmospheric deposition generate microplastics (MPs) in forest ecosystems, where hydrological processes
(surface runoff/rainfall) mediate their flux into soil compartments. Their proliferation threatens tree growth,
forest productivity, and agroforestry sustainability, particularly in urban forests impacted by human activities
[8-10]. Therefore, quantifying the largely unexplored effects of MPs on tree growth will aid in predicting
tree performance in environments polluted by MPs. However, most existing studies focus on herbaceous
plants, and there is still a significant knowledge gap in the response mechanism of woody plants. This
paucity fundamentally impedes accurate prediction of forest ecosystem dynamics and resilience under
anthropogenically altered environments.

A line of evidence indicates that experimental microplastics influence plant growth trajectories, though
substantial variability persists across experimental systems [I1-13]. This heterogeneity effect is mainly
controlled by two key factors: MPs concentration and type. In terms of the concentration effect, studies
showed that when the concentrations of PP, PLA, and PE MPs reached 0.1-1 g kg™!, wheat plant height and
growth rate were significantly suppressed [14]; PVC did not significantly affect maize seedlings at 0.54 g kg™*,
however, PVC at concentrations exceeding 1.62 g kg™! significantly suppressed maize seedling growth,
with the magnitude of growth inhibition demonstrating a dose-response relationship characterized by
progressively intensified phytotoxic effects at elevated MPs concentrations [15]. However, PE MPs promoted
soybean stem root development at 0.1% concentration, but lost the significant effect at 1% concentration [15].
MPs types differentially impact plant physiology: PLA induced significantly stronger phytotoxicity than PE in
maize at 10% concentration [16]. Organ-specific response variations to distinct MPs (PET, PVC, PP, PE) were
observed in gourd seedlings [17]; whereas soybean exhibited concentration-dependent sensitivity thresholds
to both PE and PLA [15].

Current research categorizes the phytotoxic effects of MPs into indirect and direct pathways. The
indirect mechanisms primarily involve MPs-induced alterations in soil physicochemical properties, suppres-
sion of soil faunal activity, and modifications to microbial community structure and abundance, ultimately
exerting downward cascading effects on plant performance [18-22]. Direct phytotoxicity manifests through
three principal mechanisms: (i) MPs can block root aerenchyma pores and narrow xylem conduits, thereby
reducing hydraulic conductivity. For instance, the adhesion of MPs to xylem walls (similar to capillary
action in polar surfaces) disrupts the cohesion-tension mechanism critical for water transport [23,24], (ii)
disruption of plant biochemical processes, and (iii) leaching of chemical additives from MPs polymers,
collectively impacting plant morphology, growth physiology, and grain nutritional quality [7,25]. For
instance, MPs accumulation in the micropyle regions of Lepidium sativum seeds significantly reduced water
through pore blockage, consequently delaying seed germination [26]. In rice (Oryza sativa) seedlings, direct
root-surface adsorption of MPs decreased root vitality indices by 23%-41%, while microfiber entanglement
induced mechanical stress that impaired root architecture development [27]. Consensus findings center on
herbaceous plants, whereas woody species’ microplastic response mechanisms constitute a critical research
frontier. Despite documented MPs accumulation in birch roots [28] and Ginkgo biloba growth suppression at
elevated exposures [29], inter-specific variations among woody plants and their dose-response relationships
remain unelucidated.
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Pinus massoniana Lamb, functioning as an ecological pioneer and principal timber species in southern
China’s afforestation programs, exhibits significant ecological-economic values [30]. Schima superba, as a
common subtropical tree species and one of the main co-current species in P. massoniana mixed forests,
is widely distributed in the vast mountainous areas from central to southern China, and is both good
timber and beautiful ornamental species [31]. However, in agroforestry, management practices like artificial
fertilization and understory plastic film mulching have exacerbated the accumulation of MPs in the mixed
forests of P. massoniana and S. superba. Against the backdrop of large-scale global plastic production
and disposal, soil MPs pollution poses a potential threat to the growth of P. massoniana and S. superba.
This, in turn, may undermine the carbon sequestration capacity of forests and jeopardize the stability of
forest ecosystems. Yet there are few studies on the response of woody plants to MPs [32,33]. Therefore, we
selected one-year-old P. massoniana and S. superba as model species, systematically observed the growth
parameters and biomass allocation patterns of seedlings by conducting a control experiment of different MPs
types and concentrations. Researching the effects of MPs on P. massoniana and S. superba contributes to
clarifying their impacts on the growth and development of these species. This study can provide a theoretical
basis for optimizing cultivation and management practices of P. massoniana and S. superba under global
MPs contamination, as well as informing species selection in MPs-polluted regions. Furthermore, it offers
scientific references for ecotoxicological risk assessment of MPs pollution in forest ecosystems.

Based on previous investigations of herbaceous species’ responses to environmental stressors, this study
extends the research framework to woody plants, specifically focusing on P. massoniana and S. superba. The
primary objectives of this investigation are: (1) to study the stress responses of P. massoniana and S. superba
to MPs, and (2) to clarify the effects of MPs on the growth and development of these species. Accordingly,
the following scientific hypotheses have been formulated: (H1) The addition of MPs can inhibit plant growth,
which would vary between tree species; (H2) The inhibitory effect of MPs addition on seedlings would be
related to the concentration and type of MPs.

2 Materials and Methods

2.1 Plant Materials and Experimental Design

The two most abundant MPs in soil (polyethene (PE) and polypropylene (PP)) were purchased from a
company (Dongguan Zhangmutou Ruixiang Polymer Materials Business Co., Ltd., Dongguan, China). To
ensure that shape, particle size distribution, and surface treatment do not introduce additional confounding
effects in our experiments, we used uniformly sized (45-50 pm diameter) and untreated MPs beads. The
soil utilized in this experiment was collected from a soil region in a P. massoniana plantation located in
Guiyang, Guizhou Province, China. The soil was naturally air-dried. Initially, the pH of the soil was 4.54,
and the physical and chemical properties of the soil are detailed in the Table 1. To examine the interactive
effects of MPs types and species on seedlings, a Four-factor experimental design was implemented. The fixed
factors included the types of MPs (PE and PP), their respective concentrations (0%, 1%, 5% and 10% w/w).
We selected two of the most common types of MPs found in soil [34]. The concentration gradients were
designed based on previous research experience and existing literature. This experimental setup aims to
simulate the current state of soil MPs pollution and predict potential impacts under more severe pollution
scenarios in the future [35]. Consequently, a total of 14 treatments were established: a control group (CK),
PE MPs (0%, 1%, 5%, 10%) and PP MPs (0%, 1%, 5%, 10%). Each experimental pot contained 2 kg of soil.
MPs were incorporated into the soil at the designated proportions according to the specified concentrations,
subsequently kept for 60 days to rebalance the soil system.
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Table 1: Basic physical and chemical properties of soil

pH TN(gkg') TP(gkg') NH, (gkg') NO; (mgkg™) SOC(gkg™)
4.54 0.65 0.33 13.87 2.1 13.10

Note: TN: The total nitrogen content, TP: The total phosphorus content, NH;*: Ammonium
Nitrogen, NO;™: Nitrate Nitrogen, SOC: Soil organic carbon.

A total of 64 one-year-old P. massoniana (height is 30 + 2 cm, basal diameter is 4.9 + 0.2 mm) and
S. superba (height is 37 + 2 cm, basal diameter is 5.3 + 0.3 mm) seedlings exhibiting uniform and healthy
growth were then transplanted into soil added with MPs. All the processing is now shown in Table 2.
Throughout the experimental period, the soil was maintained at field capacity. All pots were positioned
within a polytunnel and rotated weekly. After 90 and 120 days of growth, the plants were harvested, and
growth traits of the seedlings were measured.

Table 2: Summary of experimental treatments and conditions

Species MPs MPs concentration
. 0%
P. massoniana  Polyethylene (PE) 1%
0
S. superba Polylactic acid (PP) >%
- Sup Y 10%

2.2 Height and Basal Diameter Measurements

At harvest, the height and basal diameter of seedlings were recorded using a tape (0.1 cm) and a
electronic calliper (0.01 mm), with three replicates per treatment.

2.3 Specific Leaf Area (SLA) Measurements

Ten fresh leaves of P. massoniana and one leaf of S. superba were collected for scanning with a scanning
system (Epson Scanner, Shanghai Zequan Technology Co., Ltd., Shanghai, China), one leaf of and the leaf
area was subsequently determined, with three replicates per treatment. Then, the SLA will be calculated by:

leaf area (cm?)

SLA (cm’g™") =
(em”g™) leaf dry weight (g)

2.4 Biomass and Biomass Allocation Measurements

The harvested seedlings were separated into leaves, stems, and roots, with the seedlings being washed
free of soil using tap water. To terminate metabolic processes, fresh samples underwent thermal deactivation
(105°C, 30 min) prior to dehydration in a forced-air oven (65°C, 72 h) until reaching constant mass. The
dry mass was then recorded. Subsequently, the dry weight of each organ was measured using an electronic
balance, with three replicates per treatment. Next, the variables R/S, root mass ratio, stem mass ratio, and
leaf mass ratio will be calculated using the following equations

aboveground biomass

R/S =
/ underground biomass
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. Root mass

Root mass ratio = ———
biomass

. Stem mass

Stem mass ratio = ———
biomass
. Leaf mass
Leaf mass ratio = ——

biomass

2.5 Statistical Analysis

All statistical analyses were conducted with SPSS 26.0 (IBM, USA). We ensured that homoscedasticity
and normality requirements were met before all statistical analyses. The data were categorized by tree
species, and a three-way ANOVA (analysis of variance) was conducted to determine the main effects of MPs
concentration, MPs type, and treatment duration. Subsequently, one-way ANOVA was performed separately
for MPs concentration and MPs type, with a Duncan post-hoc test applied to assess significant differences
among MPs treatments. Results were considered statistically significant at p < 0.05. The correlation heatmap
between plant growth indicators was created using the “ggcorrplot” package in the R software.

3 Result
3.1 Effects of MPs on Seedling Height and Basal Diameter

The ANOVA results demonstrated that P. massoniana seedling height was significantly influenced by
the concentration of MPs. By day 120, no significant difference in seedling height was observed at the 1%
MPs concentration; however, significant reductions were recorded at 5% and 10% concentrations (Fig. 1a).
Notably, the 10% concentration exhibited a more pronounced inhibitory effect on seedling height compared
to the 5% concentrations of PE and PP. Relative to the control group, the 5% PE, 5% PP, 10% PE, and 10% PP
treatments resulted in reductions of 24.46%, 32.52%, 38.10%, and 43.15%, respectively. In contrast, MPs had
a non-significant promotive effect on S. superba seedling height at the 1% concentration (Fig. 1b). While no
significant differences were observed between the 5% PE and PP treatments and the control group, the 10%
PE and PP treatments significantly reduced seedling height by 18.10% and 14.17%, respectively.

Similarly, by day 120, P. massoniana basal diameter decreased progressively with increasing MPs
concentrations, showing significant reductions at 5% and 10% concentrations of PE and PP, although no
significant difference was observed between these two concentrations (Fig. 1c). Compared to the control,
the reductions in basal diameter were 26.19%, 21.02%, 27.66%, and 29.03% for the 5% PE, 5% PP, 10% PE,
and 10% PP treatments, respectively. For S. superba, the basal diameter showed no significant differences at
1% and 5% concentrations of PE and PP compared to the control. However, the 10% PE and PP treatments
significantly reduced the ground basal diameter by 24.30% and 21.16%, respectively (Fig. 1d). Both species’
height was found to be dependent on MPs concentration and tree species rather than the type of MPs.
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Figure 1: Effects of PE and PP on height and basal diameter of P. massoniana and S. superba seedlings. The lower-case
letters indicate significant differences in concentrations of PE and PP on day 90; uppercase letters indicate the difference
on day 120 (p < 0.05). Each value represents the mean + Standard Error (n = 3). *, ***, and ns represent significant levels
of 0.05, 0.001, and a nonsignificant effect, respectively. T: MPs type; C: MPs concentration. (a): P. massoniana seedling
height; (b): P. massoniana seedling basal diameter; (c): S. superba seedling height; (d): S. superba seedling basal diameter

3.2 Effects of MPs on Seedling SLA

The SLA of P. massoniana and S. superba increased gradually with rising MPs concentrations (Fig. 2a-d).
By day 120, no significant difference in SLA was observed for P. massoniana at the 1% concentration compared
to the control group. However, significant increases of 17.65%, 14.62%, 21.47%, and 25.95% were recorded
at higher concentrations (Fig. 2¢). For S. superba, with no significant difference at the 1% concentration but
significant increases of 25.11%, 24.84%, 20.69%, and 21.39% at 5% PE, 5% PP, 10% PE, and 10% PP, respectively
(Fig. 2d). The SLA of both species was influenced by MPs concentration and tree species but not by the type
or exposure time of MPs.
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Figure 2: Effects of PE and PP on SLA of P. massoniana and S. superba seedlings. The left bars represent PE treatment,
and the right bars represent PP treatment. The lower-case letters indicate significant differences in concentrations of
PE and PP (p < 0.05). Each value represents the mean + Standard Error (n = 3). ***, and ns represent significant levels
of 0.001, and a nonsignificant effect, respectively. T: MPs type; C: MPs concentration. SLA: specific leaf area. The same
applies hereinafter. (a): P massoniana seedling SLA at Day 90; (b): S. superba seedling SLA at Day 90; (c): P. massoniana
seedling SLA at Day 120; (d): S. superba seedling SLA at Day 120

3.3 Effects of MPs on Seedling Biomass and Its Allocation

The biomass of P. massoniana and S. superba was significantly affected by MPs concentrations
(Fig. 3a—d). By day 120, P. massoniana biomass was significantly reduced by 52.69%, 51.56%, 45.21%, and
52.46% for the 5% PE, 5% PP, 10% PE, and 10% PP treatments, respectively, compared to the control group
(Fig. 3a). Similarly, S. superba biomass was significantly lower than the control group by 34.19%, 33.29%,
54.10%, and 50.98% at the same concentrations (Fig. 3b). Unlike P. massoniana, S. superba biomass at 5%
PE and PP was significantly higher than at other concentrations. Both species’ biomass correlated with MPs
concentration, tree species, and time stage but not with the type of MPs (Fig. 3¢,d).
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Figure 3: Effects of PE and PP on biomass of P. massoniana and S. superba seedlings. The lower-case letters indicate
significant differences in concentrations of PE and PP on day 90; uppercase letters indicate the difference on day 120
(p < 0.05). Each value represents the mean + Standard Error (n = 3). ***, and ns represent significant levels of 0.001,
and a nonsignificant effect, respectively. T: MPs type; C: MPs concentration. (a): P massoniana seedling biomass;
(b): S. superba seedling biomass

The ANOVA results further indicated that MPs concentration significantly affected the biomass of roots,
stems, and leaves of both species (Fig. 4a—f). By day 120, P. massoniana biomass decreased significantly with
increasing MPs concentration, with no significant difference between 5% and 10% PE and PP treatments.
For S. superba, root biomass increased significantly at the 1% concentration by day 90, but by day 120, only
the 1% PE treatment remained significantly higher than the control (Fig. 4b). At 5% and 10% concentrations,
S. superba root biomass was significantly lower than the control, with the 10% concentration showing a
more pronounced reduction than the 5%. P. massoniana stem biomass decreased significantly at 5% and 10%
concentrations, while S. superba exhibited no significant reduction at 1% but significant decreases at 5% and
10%. P. massoniana leaf biomass showed no significant difference at 1% but decreased significantly at 5%
and 10%, with the 10% concentration resulting in higher leaf biomass than 5. For S. superba, leaf biomass
increased slightly at 1% but decreased significantly at 5% and 10%. The biomass of roots, stems, and leaves
was influenced by tree species, MPs concentration, and time but not by the type of MPs.

P. massoniana proportion of root biomass decreased progressively with increasing MPs concentration
(Fig. 5a-1), with reductions of 18.49% to 41.44% at 5% and 10% PE and PP by day 120 (Fig. 5g). In contrast,
S. superba proportion of root biomass initially increased and then decreased, with a 27.82% reduction at
10% PP. No significant differences were observed in stem biomass proportion for either species compared to
the control (Fig. 5h). P. massoniana proportion of leaf biomass was generally higher than that of S. superba,
showing an upward trend with increasing MPs concentration, with significant increases 0£16.48% and 14.89%
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at 10% PE and PP, respectively (Fig. 5i). For S. superba, leaf biomass increased significantly by 29.51% at 10%

PP (Fig. 51).
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Figure 4: Effects of PE and PP on Root/Stem/Leaf biomass of P. massoniana and S. superba seedlings. The lower-case
letters indicate significant differences in concentrations of PE and PP on day 90; uppercase letters indicate the difference
on day 120 (p < 0.05). Each value represents the mean + Standard Error (n = 3). *, ***, and ns represent significant levels
of 0.05, 0.001, and a nonsignificant effect, respectively. T: MPs type; C: MPs concentration. (a): P. massoniana seedling
root biomass; (b): S. superba seedling root biomass; (c): P. massoniana seedling stem biomass; (d): S. superba seedling
stem biomass; (e): P massoniana seedling leaf biomass; (f): S. superba seedling leaf biomass
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Figure 5: Effects of PE and PP on Root/Stem/Leaf mass ratio of P massoniana and S. superba seedlings. The left
bars represent PE treatment, and the right bars represent PP treatment. The lower-case letters indicate significant
differences in concentrations of PE and PP (p < 0.05). Each value represents the mean + Standard Error (n = 3). *, **,
***, and ns represent significant levels of 0.05, 0.01, 0.001, and a nonsignificant effect, respectively. T: MPs type; C: MPs
concentration. (a): P. massoniana seedling root mass ratio at Day 90; (b): P. massoniana seedling stem mass ratio at
Day 90; (c): P. massoniana seedling leaf mass ratio at Day 90; (d): S. superba seedling root mass ratio at Day 90; (e): S.
superba seedling stem mass ratio at Day 90; (f): S. superba seedling leaf mass ratio at Day 90; (g): P. massoniana seedling
root mass ratio at Day 120; (h): P. massoniana seedling stem mass ratio at Day 120; (i): P. massoniana seedling leaf mass
ratio at Day 120; (j): S. superba seedling root mass ratio at Day 120; (k): S. superba seedling stem mass ratio at Day 120;
(D): S. superba seedling leaf mass ratio at Day 120

P. massoniana and S. superba root/shoot ratios were significantly affected by MPs concentration by day
120. While no significant differences were observed at day 90 (Fig. 6a), P. massoniana root/shoot ratios at
5% PE, 5% PP, 10% PE, and 10% PP were significantly lower than the control by 23.36%, 30.59%, 25.98%,
and 48.43%, respectively, with the 10% PP treatment showing a more pronounced reduction than 10% PE
(Fig. 6b). For S. superba, only the 10% PP treatment exhibited a significant decrease of 31.74% compared to
the control. P. massoniana root/shoot ratios were influenced by MPs concentration but not by time stage,
while that of S. superba was dependent on both concentration and time stage but not on the type of MPs
(Fig. 6¢,d). Overall, the root/shoot ratio varied significantly between tree species, with S. superba exhibiting
higher values than P. massoniana.
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Figure 6: Effects of PE and PP on root-shoot ratio of P. massoniana and S. superba seedlings. The left bars represent
PE treatment, and the right bars represent PP treatment. The lower-case letters indicate significant differences in
concentrations of PE and PP (p < 0.05). Each value represents the mean + Standard Error (n = 3). **,***, and ns represent
significant levels of 0.01, 0.001, and a nonsignificant effect, respectively. T: MPs type; C: MPs concentration. R/S: Root
shoot ratio. (a): P massoniana seedling root-shoot ratio at Day 90; (b): S. superba seedling root-shoot ratio at Day 90;
(¢): P. massoniana seedling root-shoot ratio at Day 120; (d): S. superba seedling root-shoot ratio at Day 120

3.4 Correlation Analysis

The results of correlation analysis showed that P. massoniana and S. superba biomass were significantly
positively correlated with seedling height, root/shoot ratio, and negatively correlated with SLA (Fig. 7a,b).

4 Discussion
4.1 MPs Addition Inhibits Plant Growth, and the Effect Is Dependent on Tree Species and Time

There are substantial differences between woody and herbaceous plants in terms of root structure,
growth cycle, and resource allocation. Woody plants possess intricate root systems, exhibit slow growth,
and allocate a large proportion of their resources to the construction of structural tissues. In contrast,
herbaceous plants generally have relatively simple root systems, rapid growth rates, and prioritize resource
allocation for reproductive purposes [36]. These distinctions may account for the divergence in the response
mechanisms of woody plants to MPs. The results of this study support the hypothesis that MPs addition
generally inhibits plant growth, with the extent of inhibition varying significantly between tree species and
over time. For P. massoniana, seedling height and basal diameter were significantly reduced at higher MPs
concentrations (5% and 10%), with reductions of up to 43.15% and 29.03%, respectively, by day 120. This
aligns with previous studies demonstrating that MPs can physically obstruct root development and nutrient
uptake, leading to stunted growth [7]. In contrast, S. superba exhibited a more nuanced response, with non-
significant promotion at 1% MPs concentration but significant inhibition at 10%, suggesting species-specific
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tolerance thresholds (Figs. 3 and 4). These findings are consistent with the work of Jiang (2023), who reported
that plant species respond variably to MPs stress [37].

(a) (b)

SLA  1.00 SLA

RS  -0.56 RS -
Height = .0.83 Root.dry.weight = -0.
Root.dry.weight  -0.80 Height = -

Basaldiameter = -0.74 Biomass = -0.

Leafdry.weight  -0.75 1.00 Stem.dry.weight = -0.

Biomass -0.80 = 057 086 096 0.8 097  1.00 0.6 Leaf.dry.weight | -0.

Stem.dry.weight  -0.73 0.70 0.79 0.69 0.77 0.89 1.00 Basaldiameter = -0.
-1
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Figure 7: The correlation plant indicators were shown as P. massoniana (a) and S. superba (b) seedlings. ***p < 0.001;
**p < 0.01; *p < 0.05. SLA: specific leaf area, R.S: Root shoot ratio, Root.dry.weight: Root biomass, Basaldiameter: Basal
diameter, Leaf.dry.weight: Leaf biomass, Stem.dry.weight: Stem biomass. Heatmap of correlation between different
variables based on Pearson correlation coefficients. (a): The correlation plant indicators were shown as P. massoniana,
(b): The correlation plant indicators were shown as S. superba

The temporal aspect of MPs effects was also evident. For instance, S. superba root biomass increased at
1% concentration by day 90 but decreased by day 120, indicating that prolonged exposure exacerbates MPs-
induced stress. Similarly, P. massoniana root/shoot ratio showed significant reductions by day 120 but not at
day 90, further underscoring the time-dependent nature of MPs impacts (Fig. 6b). This temporal variability
may be attributed to the cumulative physical and chemical effects of MPs, such as the gradual release of
additives or the accumulation of MPs in root zones [6].

4.2 'The Inhibitory Effects of MPs Are Concentration-Dependent but not Type-Dependent

The second hypothesis, that the inhibitory effects of MPs are concentration-dependent but not type-
dependent, is also supported by the data. For both P. massoniana and S. superba, higher MPs concentrations
(5% and 10%) consistently resulted in greater reductions in seedling height, basal diameter, and biomass
compared to the CK. For example, P. massoniana biomass was reduced by 52.69% and 45.21% at 5% and
10% PE, respectively, while S. superba exhibited reductions of 54.10% and 50.98% at the same concentrations
(Fig. 3a,b). Nevertheless, at the MPs concentration of 1%, the growth of P. massoniana was not significantly
inhibited, and some growth indicators of S. superba even showed promotion. This might be attributed to
the differences in root structure and physiological functions between the two species. Possibly, the root
system of S. superba, with its more developed root hairs, can still effectively absorb nutrients under low-MPs
concentration conditions, maintaining the normal physiological functions of the roots and thus promoting
the increase of certain growth indicators. These findings align with the concentration-response relationships
observed in other studies [16], where higher MPs loads were shown to exacerbate physical barriers to root
growth and nutrient absorption [34].
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Notably, the type of MPs (PE vs. PP) did not significantly influence plant growth parameters, as both
polymers elicited similar responses at equivalent concentrations. For instance, P. massoniana height was
reduced by 24.46% and 32.52% at 5% PE and PP, respectively, with no significant difference between the two
types (Figs. 3 and 4). This study reveals that PE and PP had no significant impact on plant growth. This is
likely because there are no substantial differences in their chemical properties. In terms of surface charge,
PE and PP have similar electrical properties [38]. When interacting with plant roots, they have a similar
degree of interference on root nutrient absorption. As for the release of additives, the types and amounts of
additives released by these two materials may not be sufficient to cause obvious differences in plant growth.
However, although no significant impacts have been observed currently, these chemical property differences
may still have potential effects on root nutrient absorption and soil microbial communities under long-term
conditions or specific environmental conditions, and further longer-term research is warranted. In the future,
we will also consider analyzing the impact of microplastic additives in our research to further explore their
ecological toxicity.

This finding is inconsistent with the results of previous studies [39,40], which suggest that there are
differences among different types of MPs. It is possible that the experimental conditions, plant species, or
MPs characteristics in our study differed from those in previous research, leading to this discrepancy. Future
studies are needed to systematically compare these factors to better understand the complex mechanisms
underlying the effects of MPs on plant growth. However, some studies have suggested that MPs types signif-
icantly influence plant growth. Notably, Wang et al. (2020) reported that PLA induced greater phytotoxicity
to maize than PE, whereas our findings revealed that PE and PP exhibited polymer-independent effects on
plant growth. A plausible explanation is that conventional non-degradable MPs (e.g., PE) undergo slower
fragmentation, while biodegradable MPs (e.g., PLA) rapidly degrade into smaller particles. These MPs may
more effectively clog root systems, thereby impairing water and nutrient uptake, ultimately exacerbating
growth inhibition in maize [16]. Intriguingly, both MPs investigated in our study were non-degradable
polymers, which might primarily account for the observed polymer-independent ecotoxicological effects on
plant development.

However, SLA and biomass allocation patterns revealed subtle differences in plant responses to MPs.
While SLA increased significantly at higher MPs concentrations for both species, P. massoniana leaf biomass
proportion showed an upward trend, whereas S. superba exhibited a decline at 10% PP (Figs. 2¢,d and 5i,1).
This divergence may reflect species-specific strategies for resource allocation under stress to optimize survival
under adverse conditions [41]. The SLA-mediated adjustment of mesophyll cell light energy allocation poten-
tially influences carbon assimilation by regulating the photosynthetic-respiratory metabolic balance, which
may elucidate the coordinated decline in light-saturated net photosynthetic rate (Agy) (47.49%-60.43%)
and dark respiration rate (Rg) (105.20%-116.56%) observed in P. massoniana under high-concentration
MPs (>5%), as well as the species-specific response in Schima superba characterized by Ay reduction
(30.77%-42.83%) concomitant with Ry transition from stimulation (117.19%) at 1% concentration to collapse
(195.95%) under high concentrations.

Collectively, P. massoniana and S. superba exhibited concentration-time-species dependent growth inhi-
bition under MPs stress, with divergent adaptive strategies—leaf plasticity (SLA125%) vs. root investment,
highlighting niche-specific responses. These woody species’ physical obstruction-driven tolerance suggests
long-lifecycle adaptations critical for predicting forest resilience to MPs. Future research should prioritize
(1) multi-year exposure trials to assess cumulative effects, (2) mechanistic disentanglement of physical vs.
chemical MPs impacts via xylem transport analysis, (3) development of species sensitivity indices using
functional trait databases, and (4) evaluation of mycorrhizal mediation in MPs detoxification. Addressing
these gaps will enable predictive modelling of forest resilience under global plastic proliferation. (5) In
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the future, more in-depth exploration can be carried out from the molecular level to further reveal the
mechanism of the impact of MPs on plants.

5 Conclusions

Our study systematically elucidates the differential responses of P. massoniana and S. superba seedlings
to PE and PP MPs contamination, revealing concentration-dependent phytotoxicity and species-specific
adaptation strategies. Our findings demonstrate that MPs at elevated concentrations (5-10% w/w) signifi-
cantly inhibited seedling height, basal diameter, biomass accumulation, and root-shoot ratio in both species,
with suppression intensity escalating proportionally to MPs concentration. Notably, S. superba exhibited
transient growth stimulation under low MPs exposure (1%), while this response was absent in P. massoniana.
The universal elevation in SLA implied a compensatory mechanism through leaf morphological plasticity to
enhance light capture efficiency under carbon assimilation constraints. However, this acclimatization failed
to offset biomass losses, underscoring the irreversible metabolic costs imposed by MPs stress. P. massoniana
suffered severe root-shoot ratio reductions, reflecting compromised root functionality and prioritized above-
ground carbon investment. In contrast, S. superba maintained higher root-shoot ratios across treatments,
coupled with staged biomass allocation (5% > 10% MPs), indicative of dynamic resource rebalancing to
alleviate rhizospheric toxicity. Crucially, MPs-induced ecotoxicity was governed by concentrations rather
than type (PE vs. PP). The strong negative correlations between SLA and biomass (p < 0.05) further
validated that morphological adjustments inadequately counterbalanced physiological impairments under
prolonged MPs exposure. Based on the above-mentioned findings, in regions at risk of MPs pollution, it is
strongly recommended to prioritize the selection of S. superba as a tree species for ecological restoration
and afforestation. Owing to its remarkable tolerance to pollutants, S. superba can effectively guarantee the
ecological benefits of vegetation reconstruction. This conclusion offers a crucial theoretical foundation for the
tree-species selection in the establishment of subtropical plantation forests. Moreover, the findings advocate
for MPs concentration thresholds in silvicultural practices and underscore the urgency of incorporating MPs
resilience into afforestation species selection, particularly in pollution-prone regions. Collectively, this study
provides critical insights into MPs threats to forest regeneration, highlighting species-specific vulnerabilities
in economically vital trees. While this investigation has specifically examined the influence of MPs on
seedling growth, subsequent studies should employ an integrated approach combining soil biogeochemical
analysis with plant metabolic profiling to comprehensively assess MPs impacts on plant development.
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