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Distribution of six phenolic acids
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during litter decomposition in
Rhododendron forests
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Litter decomposition is an essential process in nutrient cycling in terrestrial

ecosystems. Phenolic acids have an allelopathic effect on the natural

regeneration of rhododendron forests, which was recently observed in

rhododendron forests in Southwest China. We investigated the distribution

of phenolic acids and their relationship with soil nutrients during litter

decomposition to provide a reference for the subsequent artificial management

of rhododendron forests. High-performance liquid chromatography (HPLC) was

used to analyze the contents of six phenolic acids in the litter layer, humus layer,

and soil layer during litter decomposition. During the first 3 three months, the

rapid decomposition of the litter from two early flowering rhododendron species

released large amounts of phenolic acids, and the lower litter layer decomposed

rapidly. In addition, the total phenolic acid content in the litter decreased by

257.60 µg/g (Rhododendron siderophyllum) and 53.12 µg/g (Rhododendron

annae) in the first three 3 months. During subsequent litter decomposition, the

protocatechuic acid content in the litters of Rhododendron siderophyllum ranged

from 20.15 µg/g to 39.12 µg/g, and the ferulic acid content was 10.70 µg/g

to –33.79 µg/g. The protocatechuic acid and ferulic acid contents in the litter

of Rhododendron annae were in the ranges of 10.88—19.68 µg/g and 10.75—

18.00 µg/g, respectively. The contents of these two phenolic acids and the trend

of decomposition were different from those of gallic acid, chlorogenic acid,

caffeic acid and syringic acid. The distribution of phenolic acids was influenced by

soil organic matter (SOM), soil ammonium nitrogen (NH4
+), soil nitrate nitrogen

(NO3
−) and soil available phosphorus (AP). The results indicate seasonal variations

in phenolic acid release during litter decomposition. The amount of phenolic acid

in the litter decreased after 18 months of decomposition, but it returned to the

previous level in the soil and the humus after different trends. More research into

the metabolism of phenolic acids is needed.
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1. Introduction

Litter is a broad term for organic matter produced by
aboveground plant components and returned to the ground to
provide material and energy for decomposing agents while also
maintaining ecosystem functions (Hättenschwiler et al., 2005).
Litter decomposition in forest ecosystems provides nutrients to
soil microorganisms and plant roots, representing an essential link
in the biogeochemical cycle and energy flow of the ecosystem
(Zechmeister-Boltenstern et al., 2015). Litter decomposition and
transformation into soil occurs by leaching, crushing, and
biodegradation. The three decomposition processes are tightly
coupled to achieve nutrient release from litter (Wardle et al.,
2004; Ristok et al., 2019). Research has shown that litter
decomposition releases large amounts of phenolic acids, which
are important secondary metabolites associated with plant growth
(Zhang et al., 2019). In the natural environment, phenolic acids
enter the environment through various mechanisms, such as
plant root secretion (Wang et al., 2016), litter degradation (Chen
H. et al., 2020), and microbial action (Pradisty et al., 2021).
Litter decomposition is the primary method of phenolic acid
release. In recent years, many phenolic acids have been isolated
and identified as having allelopathic effects, such as ferulic acid,
protocatechuic acid, chlorogenic acid, and gallic acid (Kalinova
et al., 2007; Wang et al., 2017; Parmar et al., 2019). These
phenolic acids have crucial ecological effects, influencing soil
activity (Kobayashi, 2004; Hassan et al., 2021), causing plant
autotoxicity (Liu et al., 2017), and changing plant competitiveness
(Kato-Noguchi and Kurniadie, 2022). Studies have shown that
soil factors directly affect phytotoxicity by controlling the content
of secondary metabolites (Bosco et al., 2016; Scavo et al., 2019).
These findings show that soil factors influence the ecological
effects of plant secondary metabolites via pH changes, ion
exchange, and microbial decomposition (Einhellig, 1987) and that
secondary metabolites can influence soil conditions and nutrient
cycling, affecting plant growth and development (Pal et al., 2015;
Chauhan et al., 2021).

In the Baili Rhododendron National Forest Nature Reserve,
Rhododendron annae Franch and Rhododendron siderophyllum
Franch have an early flowering period and a high ornamental
value. Phenolic acids released by litter decomposition are common
secondary metabolites of plants and are an essential part of the
forest ecosystem. The impact of phenolic acid accumulation in
the environment and on soil fertility decline and plant growth
renewal should not be overlooked (Ristok et al., 2017). Studies
have shown large accumulations of understory rhododendron leaf
litter and few seedlings in the Baili Rhododendron National Forest
Nature Reserve. Researchers have carried out more studies from
the perspective of aboveground plant ecology, such as stand
structure and nutritional relationships (Fu et al., 2019; Tang
et al., 2019). This study examines the contents and dynamic
changes in six phenolic acids in the litter, humus, and soil layers
during litter decomposition in Rhododendron annae Franch and
Rhododendron siderophyllum Franch forests. We analyzed the
relationship between the phenolic acid contents and soil factors and
focused on belowground plant components. The objectives are to
determine the effects of phenolic acids released into the soil during
litter decomposition on rhododendron seedling growth and litter
nutrient cycling.

2. Materials and methods

2.1. Study sites and plant material

The experimental site is the BailiRhododendronNational Forest
Nature Reserve, located at the boundary between Dafang County
and Qianxi County, Guizhou Province, China (105◦45′00′′–
106◦04′45′′ E and 27◦08′30′′–27◦20′00′′ N). The altitude of this
subtropical evergreen broad-leaved forest ranges from 1060 to
2121 m. The area has a typical subtropical warm and humid
monsoon climate, with cloudy and wet conditions in winter and
dry conditions in spring. The average annual temperature is
11.8◦C, the average annual relative humidity is 84%, the annual
precipitation is 1000∼1100 mm, and the average annual sunshine
duration is 1335.5 h. The rainy season is from May to October,
during which 70% of the annual precipitation falls. There are 43
species of rhododendrons, making this area the largest and most
densely growing alpine rhododendron forest in the world. Two
locations with early flowering rhododendrons,Rhododendron annae
(105◦53′E, 27◦14′N) and Rhododendron siderophyllum (105◦53′E,
27◦15′N), were chosen as experimental sites. Information on the
sample sites is listed in Table 1.

2.2. Litter decomposition bags and
experimental design

Withered leaves of Rhododendron annae and Rhododendron
siderophyllum were collected on January 11, 2020. After screening
and drying, 15 g was quantitatively weighed, and the material was
placed into a nylon mesh decomposition bag (15 cm × 20 cm)
with a mesh diameter of 1 mm and sealed with nylon thread. On
July 19, 2020, three duplicate plots of 5 m × 5 m were chosen in
the two areas with the two rhododendron species. Litter bags were
placed in the plots and covered with natural litter (Fujii and Takeda,
2010). Subsequently, the litter bags were retrieved in batches every
3–5 months (October 11, 2020, March 16, 2021, June 5, 2021,
September 5, 2021, and January 8, 2022). Samples of the humus
layer (0–20 cm) and the soil layer (depth 30–40 cm) were collected
near the litter bags using the five-point sampling method. The litter
samples were crushed in the laboratory with a pulverizer and passed
through a 40-mesh screen for natural drying, while the humus and
soil samples were directly passed through a 40-mesh screen. The
sieved samples were bagged and stored in a−20◦C refrigerator.

2.3. Identifying and quantifying phenolics
in the samples

High-performance liquid chromatography (HPLC) with
modifications was used to determine the phenolic acid content
(Dhanani et al., 2017; Rezaei and Abedi, 2017; Manzano Durán
et al., 2020). Briefly, 0.1 g of the sifted sample was mixed with
1 mL of methanol solution and oscillated for 1 h in an ultrasonic
instrument at 30◦C. The extract was centrifuged for 3 min at
5000 r/min. The supernatant was filtered through a 0.22 µM
organic nylon filter with a multilayer membrane. Previous
research and preliminary tests have confirmed the presence
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of gallic acid, protocatechuic acid, chlorogenic acid, caffeic
acid, syringic acid, and ferulic acid in this sample (Kivrak and
Kivrak, 2017; Fu et al., 2019). All concentrations were within the
detection range of the HPLC column. The benchmark product
was purchased from Solarbio (China), and a 2 mg/mL standard
stock solution was prepared. It was gradient diluted to 50, 100, and
200 µg/mL. A Shimadzu InertSustain C18 analysis column (Japan)
(4.6 mm × 150 mm, 5 µm) was used for the test. The flow rate
of mobile phase A (0.1% phosphoric acid aqueous solution) and
mobile phase B (100% acetonitrile) was fixed at 1 mL/min, and
the operation time was 30 min. The gradient elution procedure
was as follows: 0–5 min, 5: 95 (A: B) to 8: 92 (A: B); 5–10 min,
8: 92 (A: B) to 10: 90 (A: B); 10–30 min, 10: 90 (A: B) to 40: 60
(A: B). Each injection volume was 15 µL, and the sample was
injected again at 10-min intervals after reaching equilibrium. Each
sample was tested three times. The residence time of the reference
sample served as a qualitative indicator of the sample’s phenolic
acid collection, and the peak area at the detection wavelength of
275 nm served as a quantitative indicator.

2.4. Soil property analysis

The soil samples were air-dried and screened before analyzing
their properties. The soil water content (SWC) was determined
using the drying method (Ma et al., 2016), and the soil pH
was determined using an acidity meter. The phenol disulfonic
acid colorimetric method was used to determine soil nitrate
nitrogen (NO3

−), and the indigo blue colorimetric method was
used to determine soil ammonium nitrogen (NH4

+) (Sattolo
et al., 2016). The additive potassium dichromate method was
used to measure soil organic matter (SOM) (Bao, 2007). The
soil available potassium (AK) content was measured by NH4OAc
extraction flame spectrophotometry, and soil available phosphorus
(AP) was determined using molybdenum-antimony resistance
spectrophotometry (Grzebisz et al., 2020).

2.5. Data analysis

Statistical analysis was conducted using SPSS version 24 (IBM
Corp.). Principal component analysis (PCA) and redundancy
analysis (RDA) were used to evaluate the effects of the phenolic acid
content on soil environmental factors. The stats, ggplot2 and vegan
packages in R software, version 4.1.1 were used to draw the graphs
(R Core Team, 2021). One-way ANOVA was used for analysis after
a normal distribution test. The charts were produced using the
software Origin 2021 (OriginLab Corp).

3. Results

3.1. Phenolic acid variation in the litters,
humus, and soil

The samples obtained from the litter of Rhododendron annae
and Rhododendron siderophyllum at different time points contained

six phenolic acids: gallic acid, protocatechuic acid, chlorogenic
acid, caffeic acid, syringic acid, and ferulic acid. The content
analysis revealed that the concentrations of the six phenolic acids
in the undecomposed litters (control group) of Rhododendron
siderophyllum were significantly higher than the concentrations
of phenolic acids in litters from different decomposition periods
(P< 0.05) (Figure 1). Except for syringic acid and chlorogenic acid,
the concentrations of the other four acids in undecomposed litters
(control group) of Rhododendron annae were also significantly
(P < 0.05) higher than those in the litters at other decomposition
stages (Figures 2D, E). Additionally, the total content of phenolic
acids in undecomposed samples of Rhododendron siderophyllum
(315.64 µg/g) was higher than that of Rhododendron annae
(97.58 µg/g).

After 3 months of decomposition, the total content of
phenolic acids in the litter of Rhododendron siderophyllum
and Rhododendron annae decreased by 257.60 and 53.12 µg/g,
respectively, and after further decomposition for 15 months, they
decreased by 22.88 and 10.30 µg/g, respectively. The results also
revealed that the decomposition rate of the litter was faster from
July 2020, when the litter was buried without decomposition, to
October 2020 (Figures 1, 2).

During Rhododendron siderophyllum litter decomposition, the
distribution of phenolic acids except protocatechuic acid in the
soil, humus and litter increased first and then decreased, with the
highest value in June 2021. However, the content of ferulic acid
in the soil was higher than that in the humus in March 2021
(Figure 1B). The contents of ferulic acid, chlorogenic acid and
caffeic acid were also higher in the soil than in the humus in
September 2021 (Figures 1B–D, F). The content of ferulic acid
and protocatechuic acid in the litter was generally high, especially
in the decomposition process of litters. The protocatechuic acid
ranged from 20.15 to 39.12 µg/g, and the ferulic acid ranged from
10.70 to 33.79 µg/g (Figures 1B, C). In addition, protocatechuic
acid also had a different changing trend from that of the other
acids. That is, the content of protocatechuic acid decreased
during the decomposition process, and it only increased from
June to September 2021. After September 2021, the content of
protocatechuic acid in the litters decreased significantly (P < 0.05)
(Figure 1C).

During Rhododendron annae litter decomposition, the content
of syringic acid in soil was significantly higher in June 2021 than in
other decomposition periods (Figure 2E). In September 2021, the
contents of chlorogenic acid, ferulic acid, protocatechuic acid, gallic
acid and caffeic acid in the soil increased significantly (P < 0.05)
(Figures 2A–D, F). The gallic acid and protocatechuic acid contents
in the humus increased and decreased during decomposition,
reaching a maximum in June 2021 (Figures 2A, C). From March
to June 2021, the contents of ferulic acid, chlorogenic acid, syringic
acid and caffeic acid in humus decreased significantly (P < 0.05).
In addition, the ferulic acid content reached its maximum in
March 2021 and was higher than that in the litter and soil
(Figure 2B). The contents of protocatechuic acid and ferulic acid
in the litter were in the range of 10.88–19.68 and 10.75–18.00 µg/g
during litter decomposition. With the exception of ferulic acid and
protocatechuic acid, the other acids in the litter of Rhododendron
annae increased in summer and decreased in winter, reaching a
maximum in June 2021 (Figure 2).
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TABLE 1 Basic information on Rhododendron annae and Rhododendron siderophyllum plots.

Study plots Altitude (m) Slope (◦) Rainfall (mm) Soil temperature
(◦C)

Litter thickness
(cm)

Humus
thickness (cm)

Rhododendron annae 1788 9◦ 42–154 7–20 14 27

Rhododendron
siderophyllum

1823 30◦ 29–125 6–21 21 27

FIGURE 1

Changes of gallic acid (A), ferulic acid (B), protocatechuic acid (C), chlorogenic acid (D), syringic acid (E), and caffeic acid (F) content in soil, humus,
and litter during various stages of litter decomposition in Rhododendron siderophyllum forest. The error bars represent the standard deviation of the
mean (n = 3), and the lowercase letters on the column indicate significant differences (P < 0.05).

3.2. Soil chemical properties of the
Rhododendron forests

The SOM and AP levels in the soil samples of theRhododendron
siderophyllum forest were the highest in June 2021, while the NH4

+,

NO3
− and AK levels were the highest in March 2021. The contents

of NO3
−, NH4

+ and AK in September 2021 were lower than
those in other decomposition periods (Table 2). The physical and
chemical parameters of the soil in the Rhododendron annae forest
are listed inTable 3. Similar to theRhododendron siderophyllum soil
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FIGURE 2

The variations of gallic acid (A), ferulic acid (B), protocatechuic acid (C), chlorogenic acid (D), syringic acid (E), and caffeic acid (F) content in soil,
humus, and litter under Rhododendron annae forest at various stages of litter decomposition. The error bars represent the standard deviation of the
mean (n = 3), and the lowercase letters on the column indicate significant differences (P < 0.05).

indices, NH4
+, NO3

− and AK were lower in September 2021 than
in other periods. The SOM content in the Rhododendron annae soil
was the lowest in June 2021, while the NO3

−, NH4
+, AP, AK, and

SWC reached maximum values in March 2021.

3.3. PCA of phenolic acids in different
samples

The PCA results of the total phenolic acid concentration
showed some overlap in the samples of Rhododendron annae

and Rhododendron siderophyllum litter (confidence interval 95%)
(Figure 3).

There were some differences in the contents of the litter,
humus and soil layer. The results showed that the phenolic
acid content of the litter was significantly separated from the
humus and soil groups during the decomposition of Rhododendron
siderophyllum (Figure 3A). The phenolic acid content in the soil
layer overlapped with that in the humus. In the decomposition
process of Rhododendron annae, the litter group was significantly
separated from the soil group, and there was a certain overlap with
the humus group (Figure 3B). The phenolic acid contents in the
humus layer and the soil layer were similar.
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TABLE 2 The organic matter (SOM), ammonium nitrogen (NH4
+), nitrate nitrogen (NO3

−), available phosphorus (AP), available potassium (AK), water
content (SWC), and pH (pH) contents of soil in the Rhododendron siderophyllum forest.

Date SOM (g/kg) NH4
+ (mg/kg) NO3

− (mg/kg) AP (mg/kg) AK (mg/kg) SWC (%) pH

2020.10 341.90± 2.17c 211.10± 2.79c 523.81± 8.92d 19.85± 1.08d 244.33± 7.77c 33.28± 0.93d 3.82± 0.03b

2021.03 184.60± 1.61e 319.05± 6.21a 735.33± 14.52a 32.26± 1.51b 332.135± 9.70a 51.67± 1.96a 3.87± 0.02a

2021.06 527.38± 0.85a 254.63± 14.49b 568.97± 5.42c 44.04± 1.64a 330.23± 1.24a 41.79± 0.77b 3.52± 0.01c

2021.09 440.20± 5.05b 55.66± 4.03d 58.25± 2.24e 18.58± 2.68d 154.73± 6.35d 38.72± 0.63c 3.88± 0.03a

2022.01 282.30± 2.24d 251.62± 3.61b 614.01± 4.36b 26.86± 0.41c 310.75± 7.23b 29.85± 0.77e 3.45± 0.04d

The different letters indicate the difference in the same index between different times (P < 0.05), and data are presented as the mean and standard error.

TABLE 3 The concentrations of soil organic matter (SOM), ammonium nitrogen (NH4
+), nitrate nitrogen (NO3

−), available phosphorus (AP), available
potassium (AK), soil water content (SWC), and pH in the Rhododendron annae forest.

Date SOM (g/kg) NH4
+ (mg/kg) NO3

− (mg/kg) AP (mg/kg) AK (mg/kg) SWC (%) pH

2020.10 410.63± 0.58b 237.27± 5.08d 461.07± 7.51c 18.84± 2.70e 290.75± 4.19d 73.47± 1.05c 3.61± 0.01b

2021.03 234.59± 2.96d 340.23± 1.41a 693.49± 6.98a 70.97± 1.43a 730.57± 5.11a 83.67± 1.31a 3.50± 0.02c

2021.06 163.60± 0.60e 306.37± 6.84b 459.07± 3.57c 65.04± 2.54b 390.9± 2.86c 80.58± 1.27b 3.50± 0.01c

2021.09 609.32± 4.59a 62.01± 2.99e 83.13± 5.90d 40.83± 0.49d 161.07± 1.78e 81.16± 0.63b 3.72± 0.01a

2022.01 270.02± 1.31c 268.68± 2.45c 515.17± 5.17b 51.77± 1.17c 416.00± 2.70b 53.45± 0.66d 3.73± 0.01a

The different letters indicate the difference in the same index between different times (P < 0.05), and data are presented as the mean and standard error.

FIGURE 3

Principal component analysis of total phenolic acid concentration in the soil, humus, and litter samples of Rhododendron siderophyllum (A) and
Rhododendron annae (B) during litter decomposition.

3.4. Relationship between phenolic acid
content and soil environmental factors

Redundancy analysis was used to investigate the relationship
between the phenolic acid content and soil physical and chemical
properties during the litter decomposition of Rhododendron
siderophyllum (Figure 4A). The results showed that the cumulative
explained variances of the first and second axes were 73.52 and
12.25%, respectively, and the total explained variance was 85.77%.
The dominant environmental factors influencing the soil phenolic
acid content were SOM (R2 = 0.91) and NO3

− (R2 = 0.67). The
SOM content was positively correlated with the contents of all

phenolic acids and highly correlated with the ferulic acid content.
AK, pH, NH4

+, and NO3
− were strongly negatively correlated with

the contents of all phenolic acids except syringic acid.
The RDA of Rhododendron annae revealed that the cumulative

explained variances of the first and second axes were 63.15 and
23.28%, respectively, with a total explained variance of 86.43%
(Figure 4B). The dominant environmental factors influencing the
phenolic acid content in Rhododendron annae soil were NO3

−

(R2 = 0.90), NH4
+ (R2 = 0.89), SOM (R2 = 0.88), and AP

(R2 = 0.84). NO3
− and NH4

+ were positively correlated with the
syringic acid content and negatively correlated with the contents of
the other phenolic acids. NH4

+ was strongly negatively correlated
with the gallic acid and protocatechuic acid contents. The gallic
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FIGURE 4

Redundancy analysis of the relationship between the phenolic acid content and soil physical and chemical properties during litter decomposition of
Rhododendron siderophyllum (A) and Rhododendron annae (B). SOM, soil organic matter; NH4

+, soil ammonium nitrogen; NO3
−, soil nitrate

nitrogen; AP, soil available phosphorus. Soil water content (SWC), available soil potassium content (AK), and pH indicate soil acidity and alkalinity.

acid and protocatechuic acid contents were negatively correlated
with AP, whereas the contents of the other phenolic acids were
positively correlated. The SOM content was positively correlated
with all phenolic acids except syringic acid.

3.5. Relationship between phenolic acid
content and soil environmental factors at
various levels

The RDA results of Rhododendron siderophyllum showed that
the cumulative explained variance was 83.98% and that of the first
and second was 69.93 and 14.05%, respectively (Figure 5A). The
dominant factors influencing the phenolic acid contents in different
layers were SOM (R2 = 0.75) and AP (R2 = 0.85). Syringic acid, gallic
acid, and protocatechuic acid showed a strong positive correlation
with AP in the humus layer.

The cumulative explained variance for Rhododendron annae
was 75.51%, and that of the first and second axes was 49.83 and
25.68%, respectively (Figure 5B). The dominant factors influencing
the phenolic acid contents in different layers were SOM (R2 = 0.87)
and NH4

+ (R2 = 0.78). Gallic acid, syringic acid, caffeic acid and
chlorogenic acid in the litters were positively correlated with AP
and negatively correlated with SOM.

4. Discussion

Forest litter decomposition provides nutrients for understory
plant growth and releases large numbers of secondary metabolites
into the environment (Chomel et al., 2016). Research has
shown that different types of organic compounds dominate litter
decomposition at different times, which can be divided into
early decomposition controlled by their own nutrients and late

decomposition controlled by lignin (Berg, 2014). In the early stage
of litter decomposition, litter quality has a great influence (Heim
and Frey, 2004). Intensive lignin degradation occurs during the first
200 d of litter decomposition, forming various phenolic derivatives,
such as vanillin, vanillic acid, and ferulic acid (Klotzbücher et al.,
2011). In this study, large amounts of phenolic acid were released
from the litter of two early flowering rhododendrons during
the 3-month decomposition period, indicating that the rapid
decomposition resulted from the nutrients in the soil and litter
layers. Since the leathery leaves of rhododendron are not easily
decomposed by fungi, rhododendron litter decomposition depends
on the physical traits in the early stages. As a result, multiple
driving factors, such as the content of litter and soil nutrients, leaf
structure, and microbial activity, influence the decomposition of
early flowering rhododendron litter and the production of phenolic
acids (Hoeber et al., 2020; Ramos et al., 2021). It has also been
discovered that the effects of chemical and physical differences
between leaf litter species may persist into the later stages of
decomposition (Wickings et al., 2012).

Phenolic acids are secondary metabolites closely related to
plant growth and are abundant in plants and soil (Blum et al.,
1999). Litter decomposition is a significant source of phenolic
acids (de Las Heras et al., 2020). A previous study found that
the phenolic acid content was significantly higher in the litter
layer than in the humus and soil layers (Li et al., 2019). The
results of this study are basically consistent with these findings. The
content of phenolic acids in the litter fluctuated seasonally after the
rapid decomposition stage. With the exception of ferulic acid and
protocatechuic acid, the content of phenolic acids in the litter was
significantly higher in the summer than in the winter. The factors
affecting litter decomposition and soil nutrient changes should
be considered in combination with the specific plot conditions
(Couˆteaux et al., 1995). Affected by geographical factors such
as topography and elevation, the study area is accompanied by
freezing and icing in winter (Gao, 2016). The alternation of
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FIGURE 5

Redundancy analysis of the relationship between the phenolic acid content and soil physical and chemical properties in the soil, humus, and litter
layers of Rhododendron siderophyllum (A) and Rhododendron annae (B). SOM, soil organic matter; NH4

+, soil ammonium nitrogen; NO3
−, soil

nitrate nitrogen; AP, soil available phosphorus. Soil water content (SWC), available potassium content of the soil (AK), and pH indicate soil acidity and
alkalinity.

dry and wet conditions not only affects the decomposition of
litter but also affects the transformation and migration of soil
nutrients (Dodd et al., 2015; Schmidt et al., 2016). Therefore,
as the temperature rebounded, the soil nutrient content changed
significantly. With changes in soil temperature and moisture,
microbial activity increases, which promotes litter decomposition
and the release of phenolic acids (Migliorini and Romero, 2020).
Therefore, the content of phenolic acids in the soil, humus and
litter of Rhododendron siderophyllum and Rhododendron annae
began to increase gradually. In September 2021, the rainfall of
Rhododendron siderophyllum and Rhododendron annae was as high
as 125 and 154 mm, respectively. The increase in rainfall combined
with karst geology affected the changes in phenolic acids released by
litter decomposition and soil nutrient content (Wang et al., 2022).
Furthermore, litter mass decreases after the rapid decomposition
stage, and climate change increases the decomposition rate of
temperature-sensitive low-mass litter (Canessa et al., 2021). As a
result, litter quality, microbial activity, and climate change affect the
content of some phenolic acids produced by litter decomposition in
a rhododendron forest, and seasonal variations occur.

Secondary metabolites released into the environment by plants
may promote or inhibit plant growth and development (Scavo
et al., 2019). Previous research found that at certain concentrations,
protocatechuic acid and ferulic acid could significantly reduce the
early growth parameters of seeds and seedlings (Fu et al., 2019;
Šćepanović et al., 2022). We found high levels of protocatechuic
acid and ferulic acid, confirming the results of a previous study on
the phenolic acid content of litter (Quan et al., 2022). However,
since litter decomposes over time, the chemical composition
and quantity of produced allelochemicals change to varying
degrees due to physical and chemical changes in the environment
(Blum et al., 1999). Target microorganisms breakdown ferulic acid
to produce protocatechuic acid using the ketoadipate pathway,
and other microorganisms continue to degrade protocatechuic acid

(Harwood and Parales, 1996; Xie and Dai, 2015). As a result, the
synthetic conversion pathway between these phenolic acids affects
the content, influencing the allelochemical effect. Therefore, it is
necessary to learn more about how these two phenolic acids are
metabolized by microbes during the breakdown of rhododendron
litter.

The content of phenolic acids in soil is affected by
environmental factors such as soil geology, fertility, microbial
quantity and composition (Inderjit and Cahill, 2015).
Rhododendron grows primarily in acidic soils (Zhou et al.,
2020). The content of some phenolic acids in the humus layer
changed significantly during the decomposition period in this
experiment, suggesting that the humus hydrolyzes rapidly under
acidic conditions to produce various phenolic substances, such as
protocatechuic acid and vanillin. Research has shown that certain
phenolic acids restrict the activity of microbial populations to
varying degrees, influencing SOM decomposition (Zwetsloot et al.,
2020). SOM was found to be positively correlated with the phenolic
acid content in the soil (except for syringic acid in Rhododendron
annaeh) to varying degrees in this study. The likely reason is
that diverse site conditions and litter with high levels of phenolic
acids can influence SOM cycling (Prescott and Vesterdal, 2021).
Phenolic acids can influence nitrification in soil, specifically the
transformation of NH4

+ to NO3
− (Chen W. B. et al., 2020). This

study found that the NH4
+ and NO3

− contents were negatively
correlated with the phenolic acid content (except for syringic acid)
in soil. Studies have shown that phenolic acids affect nitrogen
fixation and conversion processes by affecting microorganisms,
soil enzymes, plant roots, etc. Therefore, there was a negative
correlation between the phenolic acid and nitrogen contents (Xue
et al., 2006; Shen et al., 2021). In contrast, the explained variance
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between the phenolic acid content and the NH4
+ content was high

in different layers of the Rhododendron annae forest, indicating
that phenolic acids affected the nutrients returned to the soil by
litter decomposition, affecting the nitrogen content (Li et al., 2018).
The gallic acid content in different layers was positively correlated
with the soil AP content, which was consistent with the findings
in studies of ancient tea gardens (Yang et al., 2022) and showed
that a higher AP content promoted the accumulation of gallic acid
in tea plants. However, there was a negative correlation between
the contents of gallic acid and protocatechuic acid and AP in
Rhododendron annae Franch in the soil, indicating that the content
of these two phenolic acids decreased under high phosphorus
conditions, which differs from the findings of other studies (Yang
et al., 2022). Therefore, the effect of soil phenolic acids on soil
P stress should be investigated in relation to specific plants and
habitats.

5. Conclusion

The phenolic acid content of rhododendron litter decreased
substantially under natural conditions during the first 3 months
of decomposition, indicating a period of rapid decomposition
of the rhododendron litter. Seasonal changes had a significant
impact on the phenolic acid content in the litter during
the subsequent decomposition process, with an increasing
trend in summer. The contents of protocatechuic acid and
ferulic acid were high in the three layers (soil, humus, and
litter), and their distribution differed from those of other
phenolic acids. The redundancy analysis results indicated that
the dominant environmental factors affecting the distribution
of the six phenolic acids were SOM, NH4

+, NO3
−, and

AP. Our findings provide a preliminary understanding of the
distribution and variation in phenolic acids in the litter of
rhododendron forests. Since microbial degradation is the critical
link between litter decomposition and nutrient return, more
research on rhododendron phenolic acid allelochemicals is required
to understand the metabolic mechanisms.
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