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ABSTRACT: Bryophytes play important ecological roles in terrestrial ecosystems, but their growth is o�en in�uenced

by environmental factors and chemical interactions with surrounding vegetation. Fallen leaves are an important source

of allelopathic substances, yet little is known about their impact onmosses.
is study investigates the allelopathic e�ects

of fallen leaves from Cinnamomum camphora, Pinus massoniana, and Bambusa emeiensis on the bryophyte�uidium

kanedae in Guiyang. 
e litter aqueous extract (0.0125 g/mL (T1), 0.025 g/mL (T2), 0.05 g/mL (T3), 0.1 g/mL (T4) and

distilled water control (CK)) was used to regularly water and culture T. kanedae. During the 120-day test period, the

physiological indexes such as new shoot length, branch length, branch number, coverage area, biomass, chlorophyll

(Chl t), soluble protein (SP), soluble sugar (SS), malondialdehyde (MDA) content, peroxidase (POD), catalase (CAT)

and superoxide dismutase (SOD) activities were measured regularly, and the Allelopathic e�ect response index (RI),

the Synthetic allelopathic e�ect index (SE) and the Average synthetic allelopathic e�ect index (ASE) were calculated.


e results indicated that the Allelopathic e�ect response index (RI) and the Synthetic allelopathic e�ect index (SE) of

the three plant fallen leaf extracts on new main stem length, branch length, coverage area, and biomass of T. kanedae

exhibit a “promotion at low concentrations and inhibition at high concentrations” trend. Speci�cally, at a concentration

of T1, a promotive e�ect was observed, while concentrations greater than T1 generally began to show inhibitory e�ects,

with the strongest inhibition occurring at T4. Correlation analysis showed that growth indicators were signi�cantly

negatively correlated with extract concentration, MDA content and SOD activity, while showing signi�cant positive

correlations with Chl t content, SS content and CAT activity. 
e ASE of the three plant species exhibited signi�cant

variation, ranging from inhibition to promotion, with the sequence being:C. camphora (−0.170) > B. emeiensis (−0.032)

> P. massoniana (0.001). 
is indicates that the strength of allelopathic e�ects is in�uenced by the species of the donor

plants. Overall, the allelopathic e�ects on T. kanedae are both concentration-dependent and species-speci�c.
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1 Introduction

Bryophytes are a major group in the plant kingdom, widely distributed across the world due to their

strong adaptability [1]. 
ey not only play crucial ecological roles in maintaining soil health [2], promoting

nutrient cycling [3,4], regulating carbon balance [5], and enhancing ecosystem stability [6,7], but also

possess unique ornamental value in landscape gardening [8]. 
e growth of mosses is closely correlated

with environmental factors such as temperature, humidity, altitude [9,10], and vegetation type [11], and

is also in�uenced by chemical interactions with other plants [12]. In urban green spaces, Cinnamomum

camphora, Pinus massoniana, and Bambusa emeiensis are common tree species planted in patches [13], and

their understory usually accumulates a large amount of litter, making vegetation renewal di�cult. Research
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indicates that the physical barrier created by litterfall [14–16] and the chemicals it releases can inhibit seed

germination and seedling growth [17]. It was found that T. kanedae is a widely distributed bryophyte that

o�en appears in the understory of C. camphora, P. massoniana, and B. emeiensis, but its growth performance

is signi�cantly di�erent, so it has become an ideal model for studying the ecological interaction between

plants and mosses. In areas rich in litter, the distribution of short-ribbed plummoss is o�en uneven or even

completely absent, which may be related to the physical shading of litter (such as a�ecting light and soil

moisture) and its potential allelopathic e�ects, but the speci�c mechanism needs to be deeply veri�ed. At

present, most of the research on the allelopathy of plants focuses on vascular plants, while less attention

is paid to the allelopathic e�ects of bryophytes. Existing studies on allelopathy in mosses mainly focus on

the interspeci�c e�ects of mosses [12] and their e�ects on vascular plants [18–22], and there have been no

systematic reports on the allelopathic e�ects of vascular plant litter on mosses. 
erefore, this study aims

to �ll the research gap in this �eld by exploring the allelopathic potential of litter leaf extracts, improve the

understanding of the mechanism of interspeci�c chemical interactions between forest surfaces, and provide

a theoretical basis for the widespread application of bryophytes in understory ecological restoration and

landscape construction.

Allelopathy is an important natural chemical regulatory mechanism in ecosystems [23]. By releasing

chemical compounds into their surroundings, plants can promote or inhibit the growth and development

of themselves and other species [24–26]. Fallen leaves are a primary means through which plants release

allelopathic substances [27,28], as the chemicals generated during decomposition directly impact the soil

and surrounding vegetation. Research has revealed that allelopathic substances released by fallen leaves

from various tree species can in�uence the growth of neighboring plants. For example, when the content

of C. camphora leaf litter was 10 g⋅kg−1, the plant heights of white Trifolium repens, Agrostis stolonifera, and

Ophiopogon bodinieri decreased signi�cantly by 16.20%, 16.26%, and 4.28%, respectively, compared to the

control. Additionally, the leaf areas of white T. repens and A. stolonifera were signi�cantly reduced by 15.31%

and 12.68%, respectively, while the biomass of whiteT. repens andO. bodinieri decreased by 1.50% and 10.06%

compared to the control [29].
e allelopathic e�ects of aqueous extracts from P. massoniana leaf litter varied

among di�erent recipient plants. At concentrations of 2.0%, 1.0%, 0.5%, 0.2%, and 0.1%, the aqueous extracts

inhibited the growth of perennial ryegrass Lolium perenne L. andMacroptilium lathyroides, whereas Lupinus

micranthus and Pennisetum americanum × P. purpureum exhibited low inhibition and high promotion at

di�erent concentrations [30]. Similarly, the leachate from Phyllostachys heterocycla cv. Pubescens leaf litter

generally inhibited the seed germination of Cunninghamia lanceolata at concentrations of 1:25, 1:50, 1:100,

and 1:200 (g/mL), except for a slight increase in germination rate at the 1:50 concentration compared to the

control group [31]. Consequently, the allelopathic e�ects of fallen leaves on plant growth are in�uenced by

plant species and leaf extracts concentration. Although extensive research exists on the allelopathic e�ects

of fallen leaves from various tree species on the seed germination and seedling growth of trees, shrubs,

and herbaceous plants, studies on their impact on the reproductive growth of widely distributed understory

bryophytes are scarce, and the mechanisms remain unclear.


erefore, this study selects the widely distributedT. kanedae as the experimentalmaterial and conducts

simulated laboratory experiments. It uses the leachate from fallen leaves of common urban green plants

such as C. camphora, P. massoniana, and B. emeiensis to treat the short-ribbed feather moss, in order to

explore its potential allelopathic e�ects and clarify the mechanisms of allelopathy of fallen leaves in the

growth and physiology of moss plants. 
is not only provides a new theoretical basis for the in�uencing

factors of bryophyte growth and distribution but also enriches the research �eld of allelopathy. At the

same time, it also contributes to the scienti�c con�guration and management of the plantation-bryophyte

community landscape.
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2 Materials and Methods

2.1 Plant Materials and Experimental Design


e experiment took place in a greenhouse at Guizhou University’ s experimental base in Huaxi,

Guiyang, Guizhou Province. Located at 106○65′ E~107○17′ E and 26○45′ N~27○22′ N, the site lies within a

mild, humid subtropical zone and exhibits distinct characteristics of a plateau monsoon climate. 
e area

experiences a mean annual temperature of 15.3○C, an average relative humidity of 77%, and approximately

1148.3 h of sunshine per year [32].

2.2 Experimental Materials

Fallen leaves ofC. camphora,P.massoniana, andB. emeiensiswere collected fromparks and similar-sized

groves, with at least three plots per plant type. In each plot, 1 m × 1 m quadrats were set using the �ve-point

method to collect freshly fallen leaves. 
e collected fallen leaves were rinsed with tap water, washed with

distilled water, and air-dried. T. kanedae was collected from the forest �oor, planted in 40 cm × 40 cm trays,

and grown in the greenhouse for a month before the allelopathy test.

2.3 Experimental Methods

2.3.1 Preparation of Extracts


e air-dried fallen leaves were ground to a powder, sieved through a 40-mesh screen, and 15 g was

placed in a 150 mL �ask. Distilled water was added at a 1:10 ratio (1 g powder to 10 mL water) and shaken at

24○C for 24 h. 
e solution was �ltered twice through 300-mesh gauze, yielding a stock solution (0.1 g/mL),

which was stored at 4○C.

2.3.2 Bryophyte Cultivation and Allelopathy Experiment

Healthy T. kanedae, uniform in color and growth, were cleaned, cut into 1 cm pieces, and 10 g was evenly

planted in 13 cm × 9 cm boxes lined with non-woven fabric. 
e stock solution was diluted and regularly

applied to T. kanedae. Four treatments were set at concentrations of 0.0125 g/mL (T1), 0.025 g/mL (T2),

0.05 g/mL (T3), and 0.1 g/mL (T4), with distilled water (CK) as the control. 
e experiment lasted for 120

days, with 6 biological replicates for each treatment, all replicates performed simultaneously. With 30 boxes

cultivated per donor plant, the three donor plants totaled 90 boxes. On the day of cultivation, 50 mL of each

extract concentration was added to each box, with the control group receiving an equal volume of distilled

water. Subsequently, the extracts were applied every 15 days until the end of the experiment at 120 days (for

a total of 8 applications). During the cultivation period, tap water was supplied as needed based on drought

conditions. On days 15, 30, 60, and 120, growth indicators (new main stem length, branch length, number of

branches) were recorded, and �nal cover, biomass, and physiological indicators were measured on day 120.

2.4 Indicator Measurement and Methodology

2.4.1 Growth Indices Measurement

Measurements of growth indicators commenced on day 15 a�er irrigation. For each treatment, three

replicates were randomly selected. Within each replicate, ten new shoots of T. kanedae were randomly

chosen. 
e length of new main stem length, branch length, and number of branches were measured using

a ruler and visual counting. 
e average values were calculated from ten shoots per replicate, with three

replicates (totaling 30 shoots) measured per treatment. (Note: “Newmain stem length” refers to the length of

newly developed primary branches, while “branch length” refers to the length of secondary lateral branches
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emerging from the primary branches. 
e length and number of branches were recorded once their growth

commenced.). On the 120th day, the new shoot covered area was analyzed using ColorImpact so�ware. A�er

growth indices weremeasured,T. kanedaewas harvested. For each treatment, three replicates were randomly

selected, dried at 105○C for 30 min, and then at 65○C to a constant weight. Dry weight was measured using

an electronic balance with 0.0001 g precision as the biomass index.

2.4.2 Physiological Indices Measurement

Chlorophyll contentwas determinedusing the ethanol extractionmethod, primarily based on the proto-

cols described by Bao and Leng [33] and Shi et al. [32], and the total chlorophyll (Chl t) content was calculated

according to the Arnon method. Soluble protein (SP) content was measured using the Coomassie Brilliant

Blue G-250 method [34], and soluble sugar (SS) content using the Anthrone colorimetric method [34].

Malondialdehyde (MDA) and Peroxidase (POD) were measured using Suzhou Grace Biotechnology kits,

while catalase (CAT) and superoxide dismutase (SOD) were measured using kits from Beijing Solarbio

Science & Technology Co., Ltd.

2.4.3 Allelopathic Indicators


e allelopathic e�ects of the leaf litter extracts of C. camphora, P. massoniana, and B. emeiensis on

various growth parameters of T. kanedae were evaluated using the Allelopathic e�ect response index (RI)

proposed byWilliamson et al.
e formula is as follows: RI = 1−C/T (whenT ≥C); RI=T/C− 1 (whenT<C),

where C is the control value and T is the treatment value. An RI > 0 indicates a stimulatory e�ect, while RI < 0

indicates an inhibitory e�ect.
e RI re�ects the intensity and variation pattern of allelopathic e�ects on each

individual growth parameter.
e arithmetic mean of the RI for the growth indices of each treatment (T1, T2,

T3, T4) indicates the Synthetic allelopathic e�ect index (SE), this method enabled a comparative assessment

of allelopathic intensity and its variation across di�erent concentrations (T1–T4), thereby revealing the

concentration-dependent e�ects of allelopathy. Furthermore, the Average synthetic allelopathic e�ect index

(ASE), calculated as the mean SE across all concentrations for each leaf litter extract, was used to evaluate

the synthetical allelopathic strength of the three donor species, thus elucidating species-speci�c di�erences

in allelopathic potential [35].

2.5 Statistical Analysis

Data were organized and managed using Microso� Excel 2021. Statistical analyses were performed

with SPSS 27 so�ware. A two-way ANOVA was employed to evaluate the e�ects of time (yr) and extract

concentration (tr) on the newmain stem length, branch length, and number of branches ofT. kanedae, as well

as to examine the in�uence of plant species (S) and extract concentration (tr) on its growth and physiological

indicators. Multiple comparisons were carried out using Duncan’s multiple range test at a signi�cance level

of p < 0.05. Relationships between variables were assessed using Pearson’s correlation coe�cient. All graphs

were produced using Origin 2022.

3 Results

3.1 Two-Way ANOVA of the E�ects of the Extracts from�ree Types of Plant Fallen Leaves on the Growth

and Physiological Indicators of T. kanedae.


e allelopathic e�ects of leaf litter extracts from three plant species—C. camphora, P. massoniana,

and B. emeiensis—on the moss T. kanedae were investigated using two-way ANOVA (Table 1). 
e results

indicated that the main e�ect of concentration had a highly signi�cant in�uence on all measured indicators
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(*p* < 0.001), with very large e�ect sizes (according to Cohen’s criteria, partial η2 > 0.14 represents a

large e�ect; all concentration e�ects in this study exceeded this threshold), demonstrating that extract

concentration was the primary factor driving the responses of T. kanedae. 
e main e�ect of species was

also highly signi�cant (*p* < 0.001), indicating inherent di�erences in allelopathic potential among the

three donor plant species. More importantly, the species × concentration interaction showed a signi�cant

or highly signi�cant e�ect (*p* < 0.05) on most indicators (9/12), with particularly prominent e�ect sizes

(e.g., partial η2 > 0.88 for soluble sugar and superoxide dismutase), con�rming that the intensity and

pattern of allelopathic e�ects depend on both the donor species and extract concentration, re�ecting species

speci�city and concentration dependency.Given the signi�cant interaction, simple e�ect analysis was further

conducted with multiple comparisons of concentration levels within each tree species.

Table 1: Two-way ANOV of the e�ects of the extracts from three types of plant fallen leaves on the growth and
physiological indicators of T. kanedae

Index Source df F p Partial η2

New main stem length

Species 2, 30 13.14 <0.001 0.467

Concentration 4, 30 34.96 <0.001 0.823

S × tr 8, 30 8.00 <0.001 0.681

Branch length

Species 2, 30 3.64 0.038 0.195

Concentration 4, 30 8.89 <0.001 0.542

S × tr 8, 30 2.32 0.046 0.382

Number of branches

Species 2, 30 37.46 <0.001 0.714

Concentration 4, 30 29.68 <0.001 0.798

S × tr 8, 30 6.82 <0.001 0.645

Biomass

Species 2, 30 7.41 0.002 0.331

Concentration 4, 30 57.38 <0.001 0.884

S × tr 8, 30 1.05 0.424 0.218

Covered area

Species 2, 30 18.60 <0.001 0.554

Concentration 4, 30 60.87 <0.001 0.890

S × tr 8, 30 2.71 0.023 0.419

Chl t

Species 2, 30 12.02 <0.001 0.445

Concentration 4, 30 29.34 <0.001 0.796

S × tr 8, 30 1.67 0.146 0.309

SS

Species 2, 30 37.02 <0.001 0.712

Concentration 4, 30 72.59 <0.001 0.906

S × tr 8, 30 27.43 <0.001 0.880

SP

Species 2, 30 5.53 0.009 0.269

Concentration 4, 30 8.57 <0.001 0.533

S × tr 8, 30 1.45 0.217 0.279

CAT

Species 2, 30 59.76 <0.001 0.799

Concentration 4, 30 35.90 <0.001 0.827

S × tr 8, 30 8.16 <0.001 0.685

(Continued)
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Table 1 (continued)

Index Source df F p Partial η2

POD

Species 2, 30 16.93 <0.001 0.530

Concentration 4, 30 19.89 <0.001 0.726

S × tr 8, 30 3.78 0.004 0.502

SOD

Species 2, 30 7.64 0.002 0.338

Concentration 4, 30 39.17 <0.001 0.839

S × tr 8, 30 29.68 <0.001 0.888

MDA

Species 2, 30 26.59 <0.001 0.639

Concentration 4, 30 51.28 <0.001 0.872

S × tr 8, 30 8.30 <0.001 0.689

Note: 
e column “Index” refers to the measured dependent variables; Abbreviations are de�ned as follows: Chl t
(total chlorophyll), SS (soluble sugars), SP (soluble proteins), CAT (catalase), POD (perox-idase), SOD (superoxide
dismutase), and MDA (malondialdehyde); “Source “ includes the main e�ects (Plant species (S) and Concentration
(tr)) and their interaction (Plant species (S)×Concentration (tr)); “df ” indicates the degrees of freedom; “F” represents
the F-statistic from the ANOVA; “p” denotes the signi�cance level, with “<0.001” indicating p < 0.001; “Partial η2”
re�ects the e�ect size, η2 ≥ 0.01, ≥ 0.06, ≥ 0.14 respectively indicate small, medium, and large e�ect sizes.

3.2 E�ects of Various Treatments on Growth Indices of T. kanedae


e promoting or inhibiting e�ects of allelopathic stress environments on plant growth directly re�ect

the plant’s adaptive response. For bryophytes, growth indices such as new main stem length, branch length,

number of branches, covered area, and biomass serve as indicators of their adaptation to allelopathic stress.

3.2.1 New Main Stem Length


ere were signi�cant di�erences in the e�ects of di�erent concentrations on the length of new main

stem length of T. kanedae at each growth stage (Fig. 1). Compared to CK, all three leachates exhibited

inhibitory e�ects during the initial stage (15 days). By 30 days, new main stem growth showed a clear

concentration dependence: a slight but non-signi�cant promotion under the T1 treatment, while the T2,

T3, and T4 treatments generally exhibited signi�cant inhibition. Over time, the inhibitory e�ects of some

treatments weakened or even shi�ed to promotion. For instance, the T2 (mean di�erence = 0.050, 95% CI:

−0.042 to 0.142, *p* = 0.277) and T3 (mean di�erence = 0.067, 95%CI:−0.026 to 0.159, *p* = 0.151) treatments

on P. massoniana at 60 days, as well as the T1 treatment on B. emeiensis (mean di�erence = 0.023, 95% CI:

−0.046 to 0.093, *p* = 0.500) at 30 days and the T2 treatment (mean di�erence = 0.027, 95% CI: −0.115 to

0.169, *p* = 0.704) at 120 days, resulted in a shi� from inhibition to promotion in new main stem growth.

3.2.2 Branch Length and Number of Branches

From 30 days, T. kanedae begins to branch. During the observation period, T1 treatment generally

promoted the increase of branch length and number, while T4 treatment showed inhibition in most cases

except in some cases (e.g., P. massoniana and B. emeiensis had no signi�cant e�ect on branch length at 120

days). It is noteworthy that some treatments exhibited an alleviation of inhibitory e�ects over time: the e�ect

of T2 treatment on C. camphora at 60 days (mean di�erence = 0.333, 95% CI: −0.135 to 0.802, *p* = 0.156),

T4 treatment on P. massoniana at 120 days (mean di�erence = 0.533, 95% CI: −0.495 to 1.562, *p* = 0.298),

T3 treatment on B. emeiensis at 60 days (mean di�erence = 0.167, 95% CI: −0.302 to 0.635, *p* = 0.473), and
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T4 treatment on B. emeiensis at 120 days (mean di�erence = 0.233, 95% CI: −0.795 to 1.262, *p* = 0.647) on

the number of branches shi�ed from inhibition to slight promotion. Similarly, the e�ect of T2 treatment on

C. camphora at 60 days on branch length also turned to slight promotion (mean di�erence = 0.027, 95% CI:

−0.003 to 0.057, *p* = 0.079), indicating that the allelopathic inhibitory e�ects weakened over time (Fig. 2).
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Figure 1: E�ects of di�erent fallen leaf extracts on the new main stem length of T. kanedae. Note: Di�erent lowercase
letters (a, b, c, etc.) indicate signi�cant di�erences among treatments at each time point (p < 0.05). To clearly express the
factors in the experimental design, yr was used to represent the time factor, tr to represent the concentration treatment,
and yr × tr to indicate the interaction e�ect between time and concentration. A single asterisk (*) represents that
the treatment shows a signi�cant di�erence at the 0.05 level, and a triple asterisk (***) indicates a highly signi�cant
di�erence at the 0.001 level
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Figure 2: E�ects of di�erent fallen leaf extracts on number of branches (le�) and branch length (right) of T. kanedae.
Note: Di�erent lowercase letters (a, b, c. . .) denote signi�cant di�erences (p < 0.05) among treatments at each time
point. In statistical models, ‘yr’ represents the time factor, ‘tr’ the concentration treatment, and ‘yr× tr’ their interaction.
Signi�cance levels are indicated as ***p < 0.001

3.2.3 Covered Area


e coverage area of the T. kanedae decreased signi�cantly with the increase of extract concentration.

Except for the T1 treatment, all other concentrations inhibited the covered area, with the T4 treatment

exhibiting the strongest inhibition. Compared to CK, C. camphora, P. massoniana, and B. emeiensis showed

reductions of 65.61% (mean di�erence = −2.957, 95% CI: −3.589 to −2.235, *p* < 0.001), 47.49% (mean
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di�erence = −2.140, 95% CI: −2.772 to −1.508, *p* < 0.001), and 38.24% (mean di�erence = −1.732, 95% CI:

−2.355 to −1.091, *p* < 0.001), respectively (Fig. 3a).

Figure 3: E�ects of di�erent fallen leaf extracts on the covered area (a) and biomass (b) of T. kanedae. Note: Lowercase
letters (a, b, c) indicate inter-treatment di�erences (p < 0.05) per time point; factors are denoted as yr (time), tr
(concentration), and yr × tr (interaction); asterisks signify within-treatment signi�cance levels (***p < 0.001)

3.2.4 Biomass


e T1 treatment signi�cantly increased the biomass of T. kanedae, with the three plant species

showing increases of 12.03% (mean di�erence = 0.186, 95% CI: 0.109 to 0.263, *p* < 0.001), 15.38% (mean

di�erence = 0.238, 95% CI: 0.161 to 0.315, *p* < 0.001), and 18.70% (mean di�erence = 0.289, 95% CI: 0.212 to

0.366, *p* < 0.001) compared to CK, respectively. As the concentration increased, the biomass of T.kanedae

generally exhibited a decreasing trend. Only the T4 treatment of C. camphora resulted in a signi�cant

reduction in biomass (mean di�erence = −0.123, 95% CI: −0.200 to −0.046, *p* = 0.003), while the other

treatments showed no signi�cant di�erences compared to CK (Fig. 3b).

3.3 �e Allelopathic E�ects of Di�erent Treatments on the Growth Parameters of T. kanedae

At 120 days, except for P. massoniana and B. emeiensis treatments, the RI of the other growth indexes

(new main stem length, branch length, coverage area, biomass) showed concentration-dependent: T1

promoted and T4 inhibited. 
e SE showed that C. camphora and B. emeiensis were promoted at T1 and

inhibited when the concentration increased. P. massoniana is inhibited only at T4. 
e ASE showed that

C. camphora (−0.170) and B. emeiensis (−0.032) were inhibited overall, while P. massoniana (0.001) was

slightly promoted (Figs. 4 and 5), re�ecting clear species di�erences.

3.4 E�ects of Fallen Leaves Extract on Physiological Indices of T. kanedae

Studying the physiological responses of plants to allelopathic stress helps elucidate the mechanisms

by which plants adapt to allelopathic adversity. Photosynthesis (Chl t content), antioxidant enzyme activity

(CAT, POD, SOD), cellular osmoregulatory substances (SS content, SP content), and membrane oxidation

products (MDA content) are important indices re�ecting plant responses to allelopathic stress [36–38].



3676 Phyton-Int J Exp Bot. 2025;94(11)

Figure 4: E�ects of di�erent fallen leaf extracts on the Allelopathic e�ect response index of T. kanedae

Figure 5: E�ects of di�erent fallen leaf extracts on the Synthetic allelopathic e�ect index and the Average synthetic
allelopathic e�ect index of T. kanedae. Note: SE refers to synthetical e�ect of allelopathy index of growth indices,
including new main stem length, branch length, number of branches, covered area, and biomass. ASE represents the
average synthetical e�ect of allelopathy indices of the four concentrations
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3.4.1 Impact on Chl t Content in T. kanedae


e T1 treatment of C. camphora, P. massoniana, and B. emeiensis extracts increased the Chl t of

T. kanedae by 17.31% (mean di�erence = 0.030, 95% CI: −0.031 to 0.091, *p* = 0.326), 51.55% (mean

di�erence = 0.089, 95% CI: 0.028 to 0.149, *p* = 0.006), and 69.48% (mean di�erence = 0.119, 95% CI: 0.059

to 0.180, *p* < 0.001), respectively, compared to CK. In contrast, the T2 to T4 treatments generally exhibited

inhibitory e�ects, with the extent of inhibition increasing at higher concentrations. At the T4 concentration,

Chl t decreased by 83.04% (mean di�erence =−0.143, 95%CI:−0.204 to−0.082, *p* < 0.001) forC. camphora,

33.97% (mean di�erence =−0.058, 95%CI:−0.119 to 0.002, *p* = 0.059) for P.massoniana, and 46.97% (mean

di�erence=−0.081, 95%CI:−0.142 to−0.020, *p*= 0.011) forB. emeiensis (Table 2).
ese results indicate that

low-concentration leachates promote chlorophyll synthesis, whereas high-concentration leachates inhibit it.

Table 2: E�ects of di�erent fallen leaf extracts on Chl t content of T. kanedae

Concentration

Plant Species CK T1 (0.0125

g/mL)

T2 (0.025

g/mL)

T3 (0.05

g/mL)

T4 (0.1 g/mL)

C. camphora

0.17 ± 0.04a 0.20 ± 0.02a 0.09 ± 0b 0.07 ± 0.02bc 0.03 ± 0c

P. massoniana

0.17 ± 0.04b 0.26 ± 0.03a 0.13 ± 0.03b 0.18 ± 0.05b 0.11 ± 0.03b

B. emeiensis

0.17 ± 0.04b 0.29 ± 0.07a 0.16 ± 0.06b 0.11 ± 0.02b 0.09 ± 0b

Note: Di�erent lowercase letters (a, b, c, etc.) indicate signi�cant di�erences between treatments at the 0.05 level. Chl
t stands for total chlorophyll content.
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3.4.2 Impact on Osmoregulatory Substances in T. kanedae


e extracts of the three plant fallen leaves inhibited the SS content of T. kanedaewhile promoting its SP

content. With increasing extract concentrations, SS content decreased in the C. camphora and B. emeiensis

treatments, but increased in the P. massoniana treatment (Table 3). Among these, the T4 treatment of

C. camphora, T1 treatment of P. massoniana, and T3 treatment of B. emeiensis exhibited the strongest

inhibitory e�ects, showing reductions of 62.46% (mean di�erence = −0.313, 95% CI: −0.361 to −0.266,

*p* < 0.001), 50.56% (mean di�erence = −0.254, 95% CI: −0.301 to −0.206, *p* < 0.001), and 45.91% (mean

di�erence = −0.230, 95% CI: −0.278 to −0.183, *p* < 0.001) compared to CK, respectively. 
e B. emeiensis

treatments—T1, T2, and T4—signi�cantly increased the SP content of T. kanedae, with increases of 15.75%

(mean di�erence = 0.067, 95% CI: 0.037 to 0.096, *p* < 0.001), 9.45% (mean di�erence = 0.040, 95% CI: 0.011

to 0.069, *p* = 0.009), and 10.24% (mean di�erence = 0.043, 95% CI: 0.014 to 0.073, *p* = 0.005) relative to

CK. In contrast, the SP content in T. kanedae treated with C. camphora and P. massoniana leachates showed

an increasing trend compared to CK, but the di�erences were not statistically signi�cant.

Table 3: E�ects of di�erent fallen leaf extracts on physiological indices of T. kanedae

Plant

extract

species

Concentration SS (%) SP (mg/g) CAT (U/g) POD (U/g) SOD (U/g)
MDA

(nmol/g)

C. camphora

CK 0.50 ± 0.03a 0.42 ± 0.01a 879.76 ± 7.32a 102.10 ± 10.20a 67.58 ± 3.05c 13.96 ± 2.32b

T1 0.45 ± 0.02b 0.44 ± 0.01a 637.88 ± 83.41c 54.22 ± 9.90b 58.05 ± 1.54d 9.37 ± 0.37c

T2 0.29 ± 0.01c 0.44 ± 0.02a 754.89 ± 8.48b 58.94 ± 4.41b 74.75 ± 4.98c 13.51 ± 1.70b

T3 0.31 ± 0.01c 0.42 ± 0.02a 592.99 ± 71.20c 60.04 ± 15.79b 84.83 ± 8.07b 14.66 ± 0.98b

T4 0.19 ± 0.02d 0.43 ± 0.01a 284.17 ± 79.56d 73.59 ± 5.35b 111.71 ± 3.5a 17.45 ± 1.30a

P. massoniana

CK 0.50 ± 0.03a 0.42 ± 0.01a 879.76 ± 7.32b 102.10 ± 10.2a 67.58 ± 3.05b 13.96 ± 2.32c

T1 0.25 ± 0.02c 0.46 ± 0.02a 678.77 ± 100.23c 68.76 ± 5.49b 61.12 ± 4.7b 15.32 ± 0.36c

T2 0.27 ± 0.02c 0.44 ± 0.02a 772.13 ± 56.32bc 71.71 ± 9.52b 119.82 ± 9.59a 15.00 ± 2.15c

T3 0.35 ± 0.05b 0.43 ± 0.03a 846.59 ± 100.84b 84.52 ± 10.19b 49.46 ± 6.51c 19.20 ± 2.37b

T4 0.34 ± 0.03b 0.47 ± 0.03a 647.73 ± 60.85c 76.49 ± 5.53b 58.14 ± 4.35bc 20.93 ± 2.05b

B.emeiensis

CK 0.50 ± 0.03a 0.42 ± 0.01b 879.76 ± 7.32a 102.10 ± 10.20a 67.58 ± 3.05b 13.96 ± 2.32c

T1 0.48 ± 0.01a 0.49 ± 0.01a 993.65 ± 68.43a 92.04 ± 5.52ab 68.84 ± 26.66b 14.46 ± 1.41c

T2 0.46 ± 0.05a 0.46 ± 0.02a 936.53 ± 55.61a 91.01 ± 7.76ab 67.66 ± 2.05b 12.35 ± 1.73c

T3 0.27 ± 0.01c 0.43 ± 0.02b 992.52 ± 52.78a 71.60 ± 5.02c 67.97 ± 0.96b 21.21 ± 0.16b

T4 0.39 ± 0.03b 0.47 ± 0.02a 676.65 ± 101.56b 83.47 ± 6.67bc 142.41 ± 5.55a 28.56 ± 0.69a

Note: Di�erent lowercase letters (a, b, c, etc.) indicate signi�cant di�erences between treatments at the 0.05 level. 
e
abbreviations are as follows: SS—Soluble sugars, SP—Soluble proteins, CAT—Catalase, POD—Peroxidase, SOD—
Superoxide dismutase, MDA—Malondialdehyde.

3.4.3 Impact on T. kanedae’s Membrane Lipid Peroxidation Products and Antioxidant Enzyme

Activity

As the concentration increased, MDA content—a marker of membrane lipid peroxidation—in

T. kanedae increased, reaching its highest level under the T4 treatment for C. camphora, P. massoniana,

and B. emeiensis (C. camphora: mean di�erence = 3.497, 95% CI: 0.711 to 6.284, *p* = 0.016; P. massoniana:

mean di�erence = 6.969, 95% CI: 4.183 to 9.756, *p* < 0.001; B. emeiensis: mean di�erence = 14.605, 95%

CI: 11.819 to 17.392, *p* < 0.001). Regarding antioxidant enzyme activities, CAT activity was signi�cantly

inhibited, showing an initial increase followed by a declinewith rising concentration.
e lowest CAT activity

was observed under the T4 treatment for all three plants (C. camphora: mean di�erence = −595.591, 95%

CI: −706.663 to −484.518, *p* < 0.001; P. massoniana: mean di�erence = −232.022, 95% CI: −343.095 to

−120.949, *p* < 0.001; B. emeiensis: mean di�erence = −203.107, 95% CI: −314.180 to −92.035, *p* < 0.001).

POD activity was also signi�cantly suppressed, reaching its lowest levels under the T1 treatment for
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C. camphora (mean di�erence = −47.884, 95% CI: −62.312 to −33.456, *p* < 0.001) and P. massoniana (mean

di�erence = −33.337, 95% CI: −47.766 to −18.909, *p* < 0.001), and under the T3 treatment for B. emeiensis

(mean di�erence =−30.497, 95%CI:−44.926 to−16.069, *p* < 0.001). In contrast, SOD activity wasmarkedly

enhanced, peaking under the T4 treatment for C. camphora (mean di�erence = 44.123, 95% CI: 30.138 to

58.109, *p* < 0.001) and B. emeiensis (mean di�erence = 74.830, 95% CI: 60.844 to 88.815, *p* < 0.001),

and under the T2 treatment for P. massoniana (mean di�erence = 52.242, 95% CI: 38.256 to 66.228,

*p* < 0.001) (see Table 3). 
ese results suggest that increasing concentrations of leaf litter leachates may

induce membrane lipid peroxidation in T. kanedae, leading to elevated MDA levels and altered antioxidant

enzyme activities, characterized by reduced CAT and POD activities but increased SOD activity.

3.5 Correlation Analysis of Growth and Physiological Indicators of T. kanedae

As shown in Fig. 6, the lengths of newmain stem length, branch lengths, number of branches, biomass,

and coverage area of T. kanedae are signi�cantly negatively correlated with the concentration of leaf

litter leachate. Regarding osmotic adjustment substances, the SS content showed a signi�cantly negative

correlation with the concentration of leaf litter leachate, while the SP content was positively correlated with

the concentration, though this correlation did not reach a signi�cant level. It is noteworthy that both SS and

SP contents are positively correlated with each growth index. 
e content of MDA, a product of membrane

lipid peroxidation, is signi�cantly positively correlated with the concentration of leaf litter leachate and

negatively correlated with each growth index. In terms of antioxidant enzyme activity, the activity of CAT

is signi�cantly negatively correlated with the concentration and signi�cantly positively correlated with each

growth index. Conversely, the activity of SOD is signi�cantly positively correlated with the concentration

and signi�cantly negatively correlated with each growth index. Overall, as the concentration of the leachate

increases, the growth level of T. kanedae decreases, accompanied by a decrease in chlorophyll content, a

reduction in SS, an increase in MDA content, a decrease in CAT activity, and an increase in SOD activity.

4 Discussion


e strength of plant allelopathic e�ects is in�uenced by various factors such as the concentration of

the aqueous extract, the types of allelochemicals, and the species of the recipient plants [33]. Allelochemicals

typically exhibit a certain degree of selectivity, speci�city, and a pronounced concentration e�ect. Among

these factors, the concentration of allelochemicals is a key determinant of the intensity of their e�ects:

when the concentration exceeds a certain threshold, it signi�cantly inhibits seed germination or seedling

growth of the recipient plants; whereas below this threshold, there may be no obvious inhibitory e�ect,

and it might even promote growth [39]. Previous studies have demonstrated that allelochemicals o�en

exhibit a dual e�ect on seed germination and plant growth, with low concentrations promoting and high

concentrations inhibiting growth [40,41]. In the present study, similar “low-concentration promotion and

high-concentration inhibition” patterns were observed in the RI and SE for new main stem length, branch

length, coverage area, and biomass of T. kanedae, indicating that the growth of T. kanedae is a�ected

by allelopathy in a concentration-dependent manner. Allelopathic e�ects may account for the uneven

distribution of T. kanedae beneath forest litter, where a greater accumulation of leaf litter leads to higher

concentrations of allelochemicals and stronger inhibitory e�ects, thereby suppressing T. kanedae growth.

In contrast, when fallen leaves are sparse, the lower levels of allelochemicals may promote the growth of

T. kanedae. 
e ASE further revealed species-speci�c di�erences in allelopathic intensity. Litter extracts

from P. massoniana exhibited an overall promotive e�ect on the growth of T. kanedae, whereas extracts

from C. camphora and B.emeiensis showed inhibitory e�ects, likely due to di�erences in their allelochemical

composition. Moreover, Overtime, the allelopathic inhibitory e�ects on T. kanedae weakened, and in some
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treatments, even shi�ed to a promotive e�ect. For instance, by day 120, the P. massoniana T3 treatment

signi�cantly promoted new branch growth a�er initially inhibiting it. Similarly, the e�ects of C. camphora

T2 (a�er day 60), P. massoniana T4 (day 120), B. emeiensis T3 (a�er day 60), and T4 (day 120) on number

of branches shi�ed from inhibition to promotion. In addition, the branch length under the C. camphora

T2 treatment also changed from inhibition to promotion a�er day 60. 
e research by Parmar et al. found

that the allelochemicals in the fallen leaves of Melia dubia signi�cantly inhibited the germination and early

growth of peppers and eggplants in the early stages, but did not have a signi�cant impact on later growth,

biomass, and fruit yield in pot experiments, indicating that the allelopathic e�ects are stage-dependent and

transient [42], this is similar to the �ndings of the present study. 
e mechanism of this late inhibition

weakening or transformation into facilitation is not fully understood andmay involve a variety of factors. For

example, allelopathic substancesmay be degraded or transformed during culture, reducing their activity [43];

Another possible explanation is that the slow release of nutrients from litter may partially o�set the earlier

allelopathic inhibitory e�ects in the later stages, or that bryophytes developed some adaptation to allelopathic

stress. However, these mechanisms need to be veri�ed in the future by chemical analysis and time series

decomposition experiments.

Figure 6: Correlation analysis of the growth and physiological indicators of T. kanedae treated with fallen leaf extracts
from three plant species. Note: A single asterisk (*) represents that the treatment shows a signi�cant di�erence at the
0.05 level, a double asterisk (**) indicates a highly signi�cant di�erence at the 0.01 level.
e abbreviations used are: total
chlorophyll (Chl t), soluble sugars (SS), soluble proteins (SP), catalase (CAT), peroxidase (POD), superoxide dismutase
(SOD), and malondialdehyde (MDA)
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Allelochemicals a�ect the physiological and biochemical processes of plants, thereby promoting or

inhibiting their growth and development [44,45]. Photosynthesis drives crop yield formation, with chloro-

phyll being the essential substance for photosynthesis, which greatly in�uences plant growth. 
is study

revealed that the fallen leaf extracts from the three plants promoted Chl t content in T. kanedae at T1

concentration but inhibited it at T2 to T4 concentrations. Liu Yaoyao and colleagues [46] found that

Phyllostachys edulis forest extracts promoted Chl t content in Cinnamomum septentrionale seedlings at low-

concentrations but inhibited it at high-concentrations, which aligns with our results. 
is suggests that the

allelochemicals in the fallen leaf extracts exert a dual e�ect on the Chl t content of T. kanedae. Correlation

analysis revealed that Chl t content was negatively correlated with extract concentration but positively

correlated with T. kanedae growth. 
is suggests that as extract concentration increased, Chl t content

decreased, photosynthesis weakened, thus impeding growth.

When plants are subjected to external environmental stress, their internal osmoregulatory substances,

such as SP and SS, participate in physiological recovery and repair processes. YaoDandan and colleagues [47]

found that coumarin solution treatment signi�cantly increased the soluble protein and soluble sugar content

in Lolium perenne under stress.
is study observed that the fallen leaves extracts from the three plants raised

the soluble protein content in T. kanedae while reducing its soluble sugar content. Soluble sugar content

was signi�cantly positively correlated with growth indicators. 
is might result from reduced soluble sugar

content in T. kanedae, leading to osmotic imbalance and thus hindering normal plant development.

Allelopathy can enhance membrane lipid peroxidation, destabilize the membrane system, cause

metabolic disorders, and inhibit plant growth and development [48,49]. MDA is a byproduct of membrane

lipid peroxidation, and increased levels signify heightened cell membrane system damage [50,51]. Shao

et al. [52] reported that extracts ofDescurainia sophia,Galium tricorne,wild oat, andVicia sativa all exhibited

allelopathic inhibitory e�ects onwheat seed germination and seedling growth, and that themalondialdehyde

(MDA) content in wheat leaves increased signi�cantly, which aligns with our �ndings. We found that MDA

content in T. kanedae was positively correlated with extract concentration and negatively correlated with

growth indicators under treatmentwith fallen leaf extracts from the three plants.
is indicates that as extract

concentration increased, T. kanedae likely experienced membrane lipid peroxidation, resulting in higher

MDA content, further damaging cell membranes and inhibiting growth.

SOD, CAT, and POD are three essential enzymes in the plant antioxidant system. SOD is the primary

enzyme for scavenging oxygen free radicals [53], catalyzing their conversion to hydrogen peroxide and

oxygen [54]; CAT further breaks down hydrogen peroxide, providing antioxidant defense [55]. POD is an

important reactive oxygen species-scavenging enzyme that promotes the biosynthesis and accumulation

of lignin and suberin in response to oxidative stress when plants are damaged [56,57]. A�er applying

fallen leaf extracts to T. kanedae, CAT and POD activities were signi�cantly inhibited, while SOD activity

signi�cantly increased. Furthermore, CAT activity was highly negatively correlated with concentration and

positively correlatedwith growth indicators; SODactivitywas highly positively correlatedwith concentration

and signi�cantly negatively correlated with growth indicators. 
is suggests that as extract concentration

increased, SOD activity rose to counter oxidative stress, but it still exceeded its defensive capacity, leading to

inhibited growth. Under the allelopathic stress of the extracts, CAT activity signi�cantly decreased, reducing

hydrogen peroxide removal capacity, causing oxidative damage to the plant, thereby inhibiting growth.

Overall, the leaf litter extract may a�ect the growth of T. kanedae through the following pathways: First,

under high-concentration conditions, it may inhibit chlorophyll synthesis, potentially leading to reduced

photosynthesis. Second, the decrease in SS content may indicate a decline in osmotic regulation capacity.


ird, the increase in membrane lipid peroxidation levels and MDA accumulation may suggest impaired

cell membrane stability. Finally, the rise in SOD activity coupled with the decrease in CAT activity may
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re�ect a certain degree of imbalance in the antioxidant system. 
ese changes collectively demonstrate a

trend associated with the growth inhibition of T. kanedae, though the speci�c mechanisms require further

experimental validation.

Plants in�uence the entire growth and development process of recipient plants by releasing allelochem-

icals. 
ese secondary metabolites enter the environment through pathways such as rain and fog leaching,

stem and leaf volatilization, root secretion, and decomposition of residual plant parts.
ey o�en �rst dissolve

in rainwater, subsequently a�ecting seed germination and seedling growth to varying degrees.
e collection

of allelochemicals is commonly conducted using water as an extraction solvent at room temperature [58,59]

to simulate their natural release forms, which helps in more accurately interpreting allelopathic phenomena.


erefore, the water extraction method can e�ectively re�ect the actual process of plant allelochemicals

entering the environment.


is study focuses on T. kanedae as the recipient plant to investigate the potential allelopathic e�ects

of aqueous leaf litter extracts on its growth and physiological indicators. It should be noted that although

the water extraction method is widely used in this �eld [60], it still has certain limitations. In addition to

potential allelochemicals, aqueous extracts also contain soluble nutrients, osmotically active compounds,

and possible microbial metabolites. 
erefore, the observed physiological changes (e.g., reduction in

chlorophyll content, accumulation of MDA, and alterations in antioxidant enzyme activity) may result from

a combined action of allelochemicals, osmotic stress, and nutrient interference, rather than being solely

attributable to allelochemical-speci�c e�ects. Future research should focus on the identi�cation and chemical

characterization of allelochemicals within aqueous extracts (e.g., quantitative detection of phenolics and

terpenoids). Moreover, approaches such as osmotic calibration, sterile culture experiments, and systematic

chemical pro�ling will be essential to distinguish the direct e�ects of allelochemicals from those of other

abiotic and biotic factors. Such e�orts will facilitate amore comprehensive andmechanistic understanding of

allelopathic interactions between tree species and bryophytes, thereby elucidating the complexity of plant–

plant chemical interactions with greater accuracy. In addition, the allelopathic e�ects observed from the

litter of C. camphora, P. massoniana, and B. emeiensismay be closely related to their speci�c allelochemical

compositions. Previous studies have shown that C. camphora litter is rich in terpenes, esters, alcohols, and

ketones; P. massoniana litter contains abundant monoterpenes and volatile phenolic compounds; while

bamboo litter is enriched with various phenolic acids and �avonoids. 
ese allelochemicals may exert

signi�cant e�ects on plant growth and physiological processes. In line with these reports, the decline in

chlorophyll content, elevated MDA levels, and decreased CAT activity observed in T. kanedae under high-

concentration extracts suggest that such allelochemicals may, at least in part, contribute to the physiological

stress and growth suppression in bryophytes. Finally, it should be emphasized that aqueous litter extracts,

while a common proxy in allelopathy studies, cannot fully replicate natural ecological processes. In natural

ecosystems, the release and action of allelochemicals are modulated by multiple factors, including soil

physicochemical properties, microbial communities, rainfall, and temperature. 
ese complex ecological

interactions are di�cult to simulate under experimental conditions. Hence, the �ndings of this study should

be interpreted primarily as indirect evidence of potential allelopathic e�ects, rather than as a complete

reproduction of natural ecological processes. Field-based controlled experiments in the future may provide

further validation and deeper insights into the mechanisms governing litter–bryophyte interactions.

5 Conclusion

In conclusion, the extracts from the three plants signi�cantly a�ected the growth and physiology of

T. kanedae.
e growth e�ects exhibited a concentration-dependent pattern characterized by “lowpromotion
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and high inhibition.” As the concentration increased, the inhibitory e�ect on growth intensi�ed. Physiologi-

cally, Chl t content and soluble sugar content decreased, while malondialdehyde content increased. Catalase

activity decreased, and superoxide dismutase activity increased. 
ese changes may inhibit growth by

suppressing photosynthesis, reducing osmoregulation, enhancing membrane peroxidation, and increasing

antioxidant enzyme SOD activity while decreasing CAT activity.
e ASE indicated that the leaf litter extract

of P. massoniana promoted the growth ofT. kanedae, whereas the extracts fromC. camphora and B. emeiensis

exhibited inhibitory e�ects. Based on the above results, timely cleaning of fallen leaves of C. camphora and

B. emeiensismay help allelopathize their allelopathic inhibition against T. kanedae, but this suggestion is still

in the preliminary inference stage, and its practical application e�ect needs to be veri�ed by subsequent �eld

experiments. 
ese results provide strong evidence for understanding the chemosensory mechanisms of

plant fallen leafextract on bryophytes and enrich the research �eld of allelopathy. Furthermore, these �ndings

have important practical implications for the conservation and management of bryophytes.
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