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Forests habituated by Rhododendron delavayi often lack understory
vegetation, which could possibly be a consequence of allelopathy. It is a
phenomenon by virtue of which certain plant species produce allelochemicals
that affect the growth and behavior of surrounding plants. To elucidate the
allelopathic potential and allelochemicals present in the different layers of a
R. delavayi forest, extracts obtained from three layers of the forest were used
for seed germination bioassays and gas chromatography-mass spectrometry
(GC-MS) analysis. Aqueous extracts of the litter and humus layers significantly
inhibited the seed germination of R. delavayi, Festuca arundinacea, and Lolium
perenne, with the litter layer causing the strongest inhibitory effect. A total
of 26 allelochemicals were identified in the litter, humus, and soil layers by
GC-MS analysis. The primary allelochemicals in the soil and humus layer
were organic acids, while the main allelochemicals in the litter layer were
phenolic acids. The redundancy analysis revealed the significance of total
nitrogen (TN) and relative water content (RWC) in explaining the distribution
of the allelochemicals. The results indicated that the litter layer exerted
the maximum allelopathic effect due to presence of maximum amount of
allelochemical especially the phenolic acids.

litter, GC—MS, allelochemical, allelopathic effect, phenolic acid
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Introduction

Allelopathy refers to the phenomenontextbf by which
metabolic secretions released by plants or microorganisms cause
beneficial or detrimental effects on organisms in the local
environment (Rice, 1992; Wei et al, 2020; Fernandez et al,
2021; Worsley et al, 2021). Dominant species tend to have
strong allelopathic effects as their partially decomposed litter
releases phytotoxins in their surrounding, thereby affecting
community regeneration (Walbott et al, 2018; Huo et al,
2019; Huang et al, 2020). Allelochemicals also accumulate
in the soil through leachation and root exudation (Medina-
Villar et al., 2017; Gfeller et al., 2018; Luo et al., 2020).
However, only a few studies have compared the allelopathic
effects of phytochemicals present in the litter, humus, and soil
layers that support plant communities, especially in natural
forests.

The Rhododendron is the largest genus in Ericaceae family
with approximately 1,000 species. These plants are mainly
distributed in Asia and more than 650 species are found in
China (MacKay and Gardiner, 2017). Certain Rhododendron
species exert allelopathic effects on other plant species, and
through this mechanism, they can form dominant communities.
For instance, Rhododendron ponticum forests, which are
extensively naturalized in the British Isles, produce chemicals
that threaten other native communities (Manzoor et al., 2018;
Jones et al, 2019). Similarly, Rhododendron maximum, an
evergreen shrub invading Appalachian forests, also possesses
strong allelopathic properties (Osburn et al,, 2018; Raulerson
et al., 2020).

Rhododendron delavayi Franch is a subtropical evergreen
shrub native to East and Southeast Asia (Zhang et al.,, 2022).
Its forests can be found in association with Rhododendron
agastum and Rhododendron irroratum, covering some regions
of the Yungui Plateau (Ma et al,, 2016; Zhang et al, 2022).
Except for a few grasses, no other vegetation survive beneath
R. delavayi forests, potentially because of the allelochemicals
released by its litter (Li et al., 2019). The allelopathic interactions
that occur in the layers of forest floor can negatively affect the
growth of understory plants, and most forests are characterized
by thick litter and humus layers (Kato-Noguchi et al,, 2017;
Muturi et al, 2017). Previous studies have mainly focused
on the invasiveness of Rhododendron, but only a few studies
have focused on the allelopathic dynamics in Rhododendron
forests.

In this study, we examined the allelopathic effects of
phytochemicals released by R. delavayi in the soil ecosystem
of Baili Rhododendron Nature Reserve, Guizhou Province,
China. Our main objectives were as follows: (1) to assess the
allelopathic effect of the litter, humus, and top soil layer of
R. delavayi forest on its own germination the germination
of two herbaceous species (Festuca arundinacea and Lolium
perenne) that cohabitate the forest community; (2) to identify
the allelochemicals in the litter, humus, and soil layers of
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R. delavayi forest that may be responsible for the observed
allelopathic effects.

Materials and methods

Study site

The samples of soil layers were collected from Baili
Rhododendron Nature Reserve, a typical Rhododendron
forest park located in NW Guizhou Province, China
(105°50'16” —106°04’57"E, 27°10'07”—27°17'55"N; altitude
1060-2121 m). The area is characterized by a mean annual
temperature of 11.8°C and relative air humidity of 84% as
recorded during the period of 2011-2021. The soil of the area
is limestone type and the dominant native species is R. delavayi
with trees over 100 years in age. The understory of these
forests was characterized by a thick deciduous and humus layer
(>10 cm). Though a few herb species, such as F. arundinacea
and L. perenne, are present in the understory, but there existed
an issue of poor natural regeneration and a lack of tree seedlings,
as shown in Figure 1.

Three-layer sample collection

The forest soil is divided into three layers, namely, litter
layer (senesced leaves and twigs deposited on forest floor),
humus layer (decomposed part below litter layer; no longer
recognizable as leaves or twigs), and top soil layer (soil below
litter and humus layer). Samples of these three layers were
collected from three sampling sites, i.e., Pudi (PD), Renhe (RH),
and Gamu (GM), in the Baili Rhododendron Nature Reserve
in December 2015 (Table 2). The samples were collected by
five-point sampling method (Yun et al., 2016), stored in a cold
box and immediately transported to the laboratory. The samples
were air-dried in the shade, ground with an electric grinder, and
passed through a 2-mm sieve.

The sampled layers were subjected to soil analysis in
triplicates (one replicate per sampling site). To determine pH
of the samples, they were mixed with deionized water in a
ratio of 1-2.5 (w/v) and measured electrometrically with a
glass electrode (model PHS-3C, LEICI, Shanghai, China). The
relative water content (RWC) of each sample was determined
as per the method suggested by Kampowski et al. (2018).
Organic carbon (OC) was analyzed by dichromate oxidation and
titration with ferrous sulfate (Nelson and Sommers, 1996). The
total nitrogen (TN) of the samples was measured by the Kjeldahl
method (Bremner and Mulvaney, 1982). Total phosphorous
(TP) and total potassium (TK) were measured in the laboratory
using standard procedures. The Mo-Sb colorimetric method
was used to determine total phosphorus content, and the flame
photometry method was used to determine TK content (Vogt
et al., 2015).

frontiersin.org


https://doi.org/10.3389/fevo.2022.963116
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Quan et al. 10.3389/fevo.2022.963116
= 105°48'0"E 105°52'0"E 105°56'0"E 1 06“?'0"E lD6°f$‘0"E =
= B
& 1 5
| —

gl 4
= =
& i
5 S
& E
& &
£ =3
Sy =
= =
& &
z =
=) | =
Sl N
[ &S
Z oge =Z
Sloiz 2 Baili Rhododendron Nature | &
£

a s km e
& Reserve S

105°48'0"E 105°52'0"E 105°56'0"E  106°0'0"E  106°4'0"E
Pudi Gam Renhe
S " O R
FIGURE 1
Study site distribution and three Rhododendron delavayi forest understory conditions.

Laboratory experiments

Seeds of the three test species, R. delavayi, F. arundinacea,
and L. perenne were collected in the Baili Rhododendron Nature
Reserve. The seeds were surface sterilized with 15% sodium
hypochlorite for 20 min and then rinsed with distilled water.
Seed germination experiments were conducted in germinating
boxes where the seeds were placed on double-layered filter
papers. Extracts of the sampled layers were prepared in
triplicates (one replicate per sampling site) by mixing 10 g
of powder with 30 ml of distilled water as suggested by
Alrababah et al. (2009). These extracts were used to moisten
the filter papers only once during the experiment. The
germinating boxes were placed in a plant growth chamber
(model BIC-400, BOXUN, Shanghai, China) at 25°C, 70%
relative humidity and a 16/8 photoperiod of 1500 lux light.
The seed germination of each plant species was determined
under the following treatments: distilled water as the control,
water extracts of the litter layer, water extracts of the humus
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layer, and water extracts of the soil layer. The germinated
seeds were counted on daily basis up to 30 days. The
experiments were replicated three times (100 seeds each time)
and arranged in a completely randomized design. The percent
inhibition of seed germination was calculated from the following
equation:

treatment

Inhibition (% of control) = 100 — x 100

control

Gas chromatography-mass
spectrometry analysis of the extracts

Gas chromatography-mass spectrometry (GC-MS) analysis
in the sampled layers was performed in triplicates (one replicate
per sampling site). Initially, the samples (200 mg) were placed
in a 10-ml centrifuge tube and then added with 80 pL adipic
acid (235.2 ug/mL) and 5 mL methyl alcohol-water-chloroform
solution (V:V = 5:3:2) (Zhang et al, 2013). The samples
then underwent ultrasound-assisted extraction for 30 min. The
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resulting mixed solution was centrifuged for 10 min at 6,000 rpm
and the supernatant was subsequently transferred into a 5-mL
centrifuge tube to be evaporated under a nitrogen stream at
room temperature. Oximation and silylation procedures were
applied for derivatization. All derivatives were transferred to a
100 pL polypropylene insert with polymer feet in a 2 mL septum
vial and analyzed with GC-MS analysis. Adipic acid was used
as the internal standard (purity >99.0%; Sigma-Aldrich, Saint
Louis, MO, USA). Before GC-MS analysis, 1 pL of adipic acid
solution was added to the samples.

The allelochemicals in the sample were investigated using
a GC-MS system operating in EI mode. An HP-5 MS capillary
column (60 m x 0.25 mm ID, film thickness of 0.25 mm) was
directly coupled to the MS. The carrier gas used was helium
with a flow rate of 1.0 ml/min. The oven temperature was
programmed to operate at 60°C for 4 min, then increased from
60 to 280°C at a rate of 5°C per min, and thereafter, was held
at 280°C for 5 min. The injector port and the detector each
had a temperature of 280°C and the split ratio of 10:1. The
parameters of the MS system were as follows: ion source of
70 eV EI at a temperature of 230°C, transfer line temperature
of 280°C, a mass range of 36 to 600 amu for the collection, and
solvent delay of 15 min. The identification of the allelochemicals
was based on mass spectra (NIST08 and Wiley08) and the total
ion chromatogram of the samples are shown in Supplementary
Figure 1. The quantity of allelochemicals were calculated using
the internal standard method (Li et al., 2019).

Data collection and statistical analysis

One-way analysis of variance (ANOVA) and least significant
difference (LSD) post-hoc test by SPSS 19.0 software (IBM
Corp., Armonk, NY, USA) was conducted to determine the
significance of the differences among the sampled layers.
CANOCO software (version 4.5, Microcomputer Power, Inc.,
Ithaca, NY, USA) was used to analyze the distribution of
allelochemicals considering the three sampling sites (PD, RH,
GM) as response variable indices, and RWC, pH, SOC, TN, TP,
TK as the explanatory variables in a redundancy analysis (RDA).
The “ggplot2” package of R (version 3.1.2, R Development Core
Team, 2014) was used to draw the cluster heatmap to figure
out interrelationship between different classes of allelochemicals
and sampled layers.

Results

Soil properties of the Rhododendron
delavayi forest

The properties and chemical composition of the R. delavayi
forest layers are shown in Table 1. The litter layer was found
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to contain more nutrients than the humus and soil layer, such
as OC, TN, total phosphate, and TK. The content of TN,
total phosphate, TK, and pH in litter and humus layers was
significantly higher than those in soil layer (p < 0.01). The
content of OC varied significantly (p < 0.01) among the three
layers in an order of litter layer >humus layer >soil layer
(Table 1).

Allelopathic effect on the seed
germination of different plants

The extracts significantly inhibited the seed germination of
the three tested plant species. The litter extract had the highest
inhibitory effect on the germination of the seeds, and there was
a significant difference in the germination rate of test plants
subjected to the extracts of different layers (p < 0.01), as shown
in Figure 2.

Extracts from all the three layers reduced the germination of
test species compared to the control. One-way ANOVA showed
that there was a significant difference between the treatments
(p < 0.01) in case of F. arundinacea. Contrastingly L. perenne,
there were no significant differences in the inhibitory effect of
the humus and the soil layer extract, as shown in Figure 2.

The extracts had the strongest inhibitory effect on the
seed germination of R. delavayi, compared with the other two
species of grass. The extracts reduced the germination rate
of R. delavayi, and there was a significant difference between
the treatments (p < 0.01). The order of percent inhibition of
the extracts on the germination of R. delavayi was litter layer
>humus layer >soil layer.

Allelochemicals in the three layers of
the Rhododendron forest

Based on a predefined set of metabolites known to be
allelochemicals (Reigosa and Gonzalez, 2006; Shen et al., 2022),
a total of 26 compounds, including fatty acids, organic acids,
phenolic acids, amino acids, and alcohols, were found to be
present in the sampled layers (Table 2). There were four
allelochemicals with content greater than 30 ng/g found in the
soil layer, namely, palmitic acid, lactic acid, stearic acid, and
glycolic acid, whose average concentrations were 93.41, 81.17,
39.94, and 31.01 ng/g, respectively. The main allelochemicals in
the humus layer included glycolic acid, palmitic acid, glycerol,
and inositol at relative concentrations of 130.94, 96.55, 41.88,
and 41.64 ng/g, respectively. The main allelochemicals in
the litter layer included palmitic acid, glycerol, stearic acid,
inositol, glycolic acid, and protocatechuic acid, at the relative
concentrations of 227.28, 113.79, 59.19, 50.29, 40.82, and
34.89 ng/g, respectively (Table 2).
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TABLE 1 Soil properties of the three sampled layers collected from Rhododendron delavayi forest.

Soil properties Litter layer Humus layer Soil layer
pH value 4.67 £0.15a 4.2540.09a 3.82 £ 0.08b
Organic carbon (%) 4.65 + 0.14a 3.79 + 0.06b 3.01 = 0.04c
Total nitrogen (%) 0.63 £ 0.06a 0.58 & 0.04a 0.51 £ 0.04b
Total phosphate (%) 0.092 £ 0.004a 0.085 & 0.005a 0.074 & 0.002b
Total potassium (%) 0.972 + 0.008a 0.889 + 0.006a 0.778 £ 0.005b

Mean =+ standard error. Different letters indicate significant differences among three layers using post-hoc test (p < 0.01;a>b>c).

60
B Festuca arundinacea B Lolium perenne
50  W®Rhododendron delavayi I
40 I
30

20

Inhibition (% of control)

10

Soil layer

FIGURE 2

Humus layer

Extracts

Litter layer

Inhibitory effects of extracts on seed germination. Vertical bars represent the standard deviations (n = 3).

The total amounts of allelochemicals in the litter, humus,
and soil layers were 688.81, 479.13, and 328.93 ng/g,
respectively, and there was a significant difference among
three layers (p < 0.01). The concentration of fatty acids
and alcohols gradually decreased with decomposition and
there was a significant difference among the three layers
(p < 0.01). The concentration of organic acids in the
humus and soil layer were significantly higher than that
of the litter layer (p < 0.01). The concentration of amino
acids was the highest in the soil layer, and there was a
significant difference among all three layers (p < 0.01). The
concentration of phenolic acids in the litter layer (265.16 ng/g)
was significantly higher than that of the humus and soil
layers (p < 0.01). Phenolic acids were the most abundant
allelochemicals found in the samples obtained from the
investigated Rhododendron forest.

Environmental factors and
allelochemicals of the Rhododendron
forest

The redundancy analysis (RDA) showed that 97.1% of
the variance was explained by the first and second axis.
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TN and RWC were the main environmental factors affecting
allelochemicals, explaining 74.2 and 20.0% of the chemicals,
respectively. TN had the highest negative correlation with
the first axis (r = —0.9677), as well as strong negative
correlations with 3-hydroxybenzoic acid, lactic acid, and
malic acid. It had a strong positive correlation with oleic
acid and docosanoic acid. The RWC had the highest
positive correlation with the second axis (r = 0.5154) and
positive correlations with myristic acid, eicosanoic acid,
pentadecanoic acid, behenyl alcohol, phenylacetic acid, 4-
hydroxybenzoic acid, and a-linolenic acid, as shown in
Figure 3.

The clustering tree diagram shows that the allelochemicals
could be divided into two categories. Phenolic acids, fatty
acids, and alcohols were clustered into one category, while
organic acids and amino acids were clustered into another
category. The vertical clustering tree diagram shows the
humus and soil layers clustered into one category, and the
litter layer alone as a category, as shown in Figure 4.
Among the detected allelochemicals, phenolic acids and fatty
acids showed the strongest positive correlation with the
litter layer samples obtained from three regions (RH, PD,
and GM). Conversely, organic acids exhibited the strongest
positive correlation with the humus layer samples obtained
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TABLE 2 The primary allelochemicals in the three layers.

10.3389/fev0.2022.963116

No. Compound name Retention time/min Formula Relative concentration (ng/g)
Litter layer Humus layer Soil layer
1 Lactic acid 17.05 C3HgO3 4.26 £ 0.50c 12.94 +0.17b 81.17 £ 14.2a
2 Glycolic acid 17.47 CyH403 40.82 + 5.06b 130.94 £+ 1.72a 31.01 £ 4.58b
3 Glycerol 23.36 C3HgO3 113.79 £ 4.21a 41.88 +3.24b 16.28 +3.72¢
4 Phenylacetic acid 23.97 CgHgO, 321+0.17b 5.14 +0.28a 1.01 £ 0.01c
5 Succinic acid 24.33 C4HgOy4 825+ 1.11a 3.50 £ 0.28b 2.24 £ 0.50¢
6 Glyceric acid 24.96 C3HgOy4 6.07 £ 0.24a 4.81 +0.14b 4.19 + 0.42b
7 Malic acid 29.05 C4HgOs5 4.49 4 0.85a 4.75 4 0.18a 497 +0.77a
8 Proline 29.93 CsHgNO, 2.37 £ 0.04b 0.21 £ 0.02¢ 20.48 £ 1.28a
9 3-Hydroxybenzoic acid 30.84 C7HgO3 0.64 + 0.02¢ 0.91 + 0.01b 1.22 £ 0.09a
10 Threonic acid 30.95 C4HgO3 0.48 £ 0.06b 0.91 £ 0.05a 1.02 £ 0.05a
11 4-Hydroxybenzoic acid 32.29 C7HgO3 2.08 £ 0.22a 2.47 £0.15a 1.314+0.21b
12 4-Hydroxyphenylacetic acid 32,57 CgH3O3 0.27 £ 0.01b 0.47 £ 0.02a 0.46 + 0.07a
13 Protocatechuic acid 36.59 C7HgOy4 34.89 +£191a 7.95+ 1.15b 522+ 1.12b
14 Myristic acid 36.92 Ci4H230; 18.72 4 1.84a 8.31 £ 0.34b 3.52 £ 0.06¢
15 Pentadecanoic acid 38.18 Cy5H300, 5.22 +0.03b 10.64 £ 0.74a 1.81 £ 0.02¢
16 Palmitic acid 40.79 Ci6H320, 227.28 £ 8.96a 96.55 £ 1.35b 93.41 £ 1.52b
17 Inositol 42.31 CeH 1206 50.29 £ 3.52a 41.64 + 1.66b 2.60 £ 0.13¢
18 Mannitol 43.2 CeH1406 4.11 4+ 0.24b 19.62 £ 1.13a 0.42 £ 0.02¢
19 Linoleic acid 43.84 CisH3,0; 15.26 £ 0.64a 2.36 £ 0.05b 1.13 £ 0.04c
20 Oleic acid 43.91 Ci13H340; 21.64 £ 1.06a 12.78 + 1.19b 3.37 £0.09¢
21 a-Linolenic acid 44.02 Ci13H3002 3.98 4 0.34b 5.08 £ 0.07a 1.41 £ 0.05¢
22 Stearic acid 44.32 Ci3H3602 59.19 £ 0.06a 29.05 £ 1.82¢ 39.94 £ 0.54b
23 Eicosanol 46.14 CyH40 2.60 £ 0.34b 3.80 £ 0.48a 1.61 +0.07¢c
24 Eicosanoic acid 47.57 Cy0H400, 2223+ 0.11a 5.86 + 0.55b 1.01 £ 0.07¢
25 Behenyl alcohol 49.31 C2Hy60 11.67 & 1.65a 15.96 & 1.85a 5.62 £+ 0.12b
26 Docosanoic acid 50.92 CyHys O, 25.02 £ 0.13a 10.58 + 0.56b 1.26 £ 0.01c
Fatty acids 171.25 £ 1.41a 84.66 £ 2.93b 53.51 £ 1.79¢
Organic acids 65.57 & 3.95b 162.99 £ 17.10a 125.95 £ 20.32a
Phenolic acids 265.16 £+ 9.87a 108.35 & 4.41b 101.95 + 3.92b
Amino acids 2.37 £0.04b 0.21 £0.02¢ 20.48 +1.28a
Alcohols 182.42 4 8.95a 122.91 + 2.86b 27.30 £ 3.35¢
Factor layer (All) 688.81 £ 5.31a 479.13 £+ 6.5b 328.93 £ 21.87¢

Fatty acids include the compounds 14, 15, 19, 20, 21, 22, 24, and 26; organic acids include the compounds 1, 2, 4, 5, 6, 7, and 10; phenolic acids include the compounds 9, 11, 12, 13,
and 16; amino acids include compound 8; alcohols include the compounds 3, 17, 18, 23 and 25; Different letters indicate significant differences among three layers using post-hoc test

(p <0.01,a>b>c).

from three regions, while the amino acids exhibited the
strongest positive correlation with the soil layer samples.
However, the alcohols and fatty acids were negatively correlated
with the soil layer samples obtained from three regions
(Figure 4).

Discussion

Seed germination is the most crucial stage in the life
cycle of a plant species and it is often inhibited or delayed
under the effect of allelochemicals (Fernandez et al., 2013).
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In previous studies, phytotoxic effects were found to reduce
the seed germination rate (Chotsaeng et al., 2017; Luo et al,
2017). This study showed that the inhibition of seed germination
in R. delavayi was stronger than that of the two herbaceous
species (F. arundinacea and L. perenne). These results are
consistent with the poor regeneration observed under the
Rhododendron forest. The difficulty in regeneration of the
Rhododendron forest can be attributed to the chemical legacy
effects (Maclean et al, 2018). Seed germination inhibition
has also been observed in bioassays using Lactuca sativa
L. grown in Rhododendron litter leachates (Chou et al,
2010).
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Redundancy analysis between chemicals and soil layers. RWC, SOC, TN, TP, and TK denote relative water content, soil organic carbon, total
nitrogen, total phosphorous, and total potassium, respectively; Renhe (RH), Pudi (PD), and Gamu (GM) denote the three regions.
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Hierarchical cluster analysis heatmap between chemical components and soil layers. A, HFA, PA, OA, and AA denote alcohols, higher fatty acids,
phenolic acids, organic acids, and amino acids, respectively; L, H, and S indicate litter layer, humus layer, and soil layer, respectively; Renhe (RH),
Pudi (PD), and Gamu (GM) denote the three regions.
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We found the three soil layers to be quite acidic
in nature, and such a low pH value may have its own
effect on the seed germination. Seed germination of some
species are negatively affected by low pH values, such
as Cenchrus biflorus (Masood and Muhammad, 2018) and
Ambrosia artemisiifolia (Gentili et al.,, 2018); In contrast, good
germination occurs at low pH value, was reported in
2017).
studies have shown that pH has no effect on the Cerastium

Origanum compactum (Laghmouchi et al, Some
glomeratum seed germination (Park et al, 2020). Current
results have shown that plant tolerance to pH is species-
dependent, and the pH range suitable for seed germination
is quite wide (Ortiz et al, 2019). Therefore, we prefer that
allelochemicals inhibit seed germination of the three test
species.

Forest litter is an important component of forest ecosystems,
and it affects the natural regeneration of forests through both
physical and chemical factors (Liu et al, 2018; Jin et al,
2019; Veen et al, 2019; Luo et al, 2020). Plants produce
numerous secondary metabolites, including unique compounds
that are only produced by specific plant species (Jones et al,
2019). After being liberated into the soil via decomposition of
plant litter, some compounds with allelopathic potential affect
the germination and growth of understory plant species (Jin
et al, 2019). Similar findings were obtained in response to
the litter produced by Cunninghamia lanceolata in greenhouse
experiments (Liu et al,, 2017). In this study, extracts obtained
from the litter layer of Rhododendron forest demonstrated the
strongest inhibitory effect on seed germination, which may
be related to their high content of allelochemicals. Previous
studies have suggested that the partial removal of forest litter
could reduce its inhibitory effect (Osburn et al, 2018; Huo
et al, 2019). The litter of Rhododendron forests is rich in
allelochemicals, so the removal of litter material can possibly
promote natural forest regeneration. A thicker litter layer
negatively affects natural regeneration and seedling recruitment
(Uddin and Robinson, 2017). While this is known of the litter
layer, further in-depth research on the humus and soil layers is
still needed.

The effectiveness of allelochemicals is controlled by soil
factors (Abd-ElGawad et al, 2020). Generally, the secretion
of allelochemicals is regulated by pH levels and nitrogen
levels (Sun et al, 2022). In this study, RWC, SOC, TP, TN,
TK, and pH were found to determine allelopathic effects.
In addition, 4-hydroxyphenylacetic acid, threonic acid, 3-
hydroxybenzoic acid, lactic acid, malic acid, and proline were
found to be negatively correlated with these physical and
chemical indicators. This study revealed the existence of
chemicals with great phytotoxic potential in litter samples
but not in soil samples. This result may be related to the
higher relative concentrations of carbon and nitrogen that
reside in the litter compared to other layers (Zheng et al,
2018).
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Allelochemicals from exudates play an important role in
regulating soil nutrient cycling (Keiluweit et al, 2015). TN
is the main driver of soil microbial activity and allelopathy
is often manifested through microbial activity (Qu et al,
2021). Similarly, fate of allelochemicals are regulated by water
availability in the soil (Novoa et al,, 2012). In accordance
with the previous studies, our results show the significance
of both TN and RWC in explaining the distribution of
allelochemicals in RDA (Novoa et al, 2012; Qu et al,
2021).

Phenolic acids are the most potent allelochemicals that
are mainly released by leaching and affect both understory
plants and resident soil organisms, such as bacteria, fungi,
and arthropods (Gavinet et al, 2019; Li et al, 2020).
In addition, phenolic acids can form polyphenol organic
complexes that are difficult to degrade; these complexes
reduce nitrogen mineralization, which in turn reduces the
availability of inorganic nitrogen in the soils (Horton et al,
2009; Wurzburger and Hendrick, 2009). Phenolic acid was
found to be highly concentrated in the Rhododendron
forest samples, especially those of the litter layer. The
results of this study showed that phenolic acids were
mainly present in the litter but did not produce enrichment
effects in the soil. Therefore, the soil layer, as characterized
by a low phenolic acid content, serves as an effective
substrate for seed germination and seedling growth, and
represents a key layer for overcoming barriers to forest
regeneration.

Conclusion

Allelopathy plays an important role in the inhibition of
natural regeneration of Rhododendron forests. In the present
study, the litter layer sampled from the understory of R. delavayi
forest was found to exert the maximum negative effect on the
seed germination rate. Under natural conditions, the thicker
litter layer could reduce the chances of seed contact with
the soil layer. The descending content of allelochemicals in
the different layers followed the order of litter layer >humus
layer >soil layer, and the main allelochemicals across the
three layers were phenolic acids. The RDA results revealed the
significance of TN and RWC in explaining the distribution
of the allelochemicals. The cluster heatmap demonstrated
that the characteristics of the allelochemicals were similar
in the humus and soil layer, and markedly different from
those in the litter layer. This research provides insights
into the allelopathic differences among three soil layers of
Rhododendron forest and the major allelochemicals involved
in the process. The study identifies the role of litter layer in
inhibition of seedling recruitment and suggest litter removal
under forest management programs to promote Rhododendron
forest regeneration.
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