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plant and facilitate its invasion
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Litter decomposition is essential for nutrient and chemical cycling in terrestrial
ecosystems. Previous research on in situ litter decomposition has often
underestimated its impact on soil nutrient dynamics and allelopathy. To
address this gap, we conducted a comprehensive study involving both field
and greenhouse experiments to examine the decomposition and allelopathic
effects of the invasive Solidago canadensis L. in comparison with the native
Phalaris arundinacea L. In the field, a 6-month litter bag experiment using leaf
litter from S. canadensis and P. arundinacea was conducted across three
community types: invasive, native, and mixed. Seed germination tests were
also performed to investigate the allelopathic effects of decomposing litter. In
the greenhouse, a pot experiment with lettuce as a bioindicator was performed
to examine the allelochemical inputs from litter decomposition over various time
intervals (0, 30, 60, 120, and 180 days). Subsequently, a soil-plant feedback
experiment was carried out to further evaluate the effects of decomposing litter
on soil biochemistry and plant dynamics. The findings of this study revealed that
S. canadensis litter decomposed more rapidly and exhibited greater nitrogen (N)
remaining mass compared with P. arundinacea in both single and mixed
communities. After 180 days, the values for litter mass remaining for S.
canadensis and P. arundinacea were 36% and 43%, respectively, when grown
separately and were 32% and 44%, respectively, in mixed communities. At the
invasive site, the soil ammonia and nitrate for S. canadensis increased gradually,
reaching 0.89 and 14.93 mg/kg by day 120, compared with the native site with P.
arundinacea. The soil organic carbon for S. canadensis at the invasive site also
increased from 10.6 mg/kg on day 0 to 15.82 mg/kg on day 120, showing a higher
increase than that at the native site with P. arundinacea. During the initial
decomposition stages, all litters released almost all of their allelochemicals.
However, at the later stages, litters continued to input nutrients into the soil,
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but had no significant impact on the soil carbon (C) and N cycling. Notably, litter-
mediated plant—-soil feedback facilitated the invasion of S. canadensis. In
conclusion, this study highlights the significance of litter decomposition as a
driver of transforming soil biochemistry, influencing the success of invasive

S. canadensis.
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invasion success

1 Introduction

The invasion rate of exotic species is indeed expected to increase
rapidly in the coming decades due to several key factors associated
with human activities, such as travel and tourism, urbanization, and
infrastructure development (Javed et al., 2023; Liao et al., 2008;
Pysek et al.,, 2020). Plant invasion is not only threatening to the
biodiversity and stability of natives but also has profound impacts
on ecosystem stability, trait composition, and ecosystem
functioning and processes (Chase et al., 2020; Isbell et al., 2017;
Pan et al., 2023). The introduction of an exotic plant species could
alter the species composition by changing the richness and relative
abundance of the native species, altering the carbon (C) and
nitrogen (N) cycle (Yang et al., 2020; Zhang et al.,, 2019a), the soil
N mineralization (van der Putten et al., 2013), the plant nutrient
uptake (Zhang et al, 2019b), and the nutrient transfer to soil
through litterfall (Zhang et al., 2018b; Zhu et al., 2022a). These
changes could affect the different controls of the litter
decomposition rates (Delgado-Baquerizo et al.,, 2015; Veen et al.,
2015). In general, successful invaders often pose more and higher
quality litter (e.g., a higher N content or a lower C/N ratio), which
usually decomposes faster compared with native plants (Incerti
et al, 2018; Zeng et al., 2020; Zhang et al., 2014). Invasive species,
which are non-native plants or animals that invade new areas, often
make litter (dead leaves and plants) decompose faster (Ullah et al.,
2024; Zhang et al., 2016; Zhong et al., 2022). This happens because
many successful invasive species are quick to spread and grow, and
they do not put much effort into building permanent structures
(Adomako et al., 2019; van Kleunen et al., 2010). This faster litter
decomposition can affect the environment. Moreover, the rate of
decomposition depends on the climatic variables, litter quality, soil
biota, and decomposition time (Marchante et al, 2019). Many
studies have looked at how leaves decompose and release
nutrients, considering different plant species (Asplund and
Wardle, 2017; Chomel et al., 2016; Fujii et al., 2017; Keller and
Phillips, 2019). However, when it comes to invasive plants,
researchers and scientists are still figuring out how litter
decomposition affects the native biodiversity in different invasion
extents and over different periods.
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Litter decomposition plays a pivotal role within ecosystems,
serving as a fundamental process that exerts control over nutrient
cycling and energy flux (Findlay, 2021; Lambers et al,, 2019). This,
in turn, influences various ecological factors, including the
composition of the soil organic matter, the availability of
nutrients, and the structure and functions of communities
(Bradford et al., 2016; Garcia-Palacios et al., 2016a; Garcia-
Palacios et al., 2016b; Incerti et al., 2018). The process can be led
by both biotic and abiotic factors (Petit-Aldana et al., 2019; Yue
et al,, 2018). The quality of leaf litter, particularly its nitrogen (N)
concentration, plays a critical role in decomposition processes,
primarily influencing the activity and composition of decomposer
communities such as bacteria and fungi, subsequently affecting soil
processes through feedback mechanisms. Many secondary
metabolites are delivered into the soil during decomposition (Yan
et al., 2018). These secondary metabolites have been considered as
potential allelochemicals, exhibiting the capacity to endure in the
soil post-senescence and to exert inhibitory effects on the growth
and germination of neighboring and subsequent-generation plants
(Bonanomi et al., 2011; Chomel et al., 2016; Del Fabbro and Prati,
2015; Zhang et al., 2019¢). During litter decomposition, a large
amount of water-soluble allelochemicals, such as total phenols and
flavonoids, enters the soil quickly through rainfall patterns and
changes the soil properties. The changes in the soil physiochemical
properties induced by allelochemicals give positive feedback to
invasive species over native species (plant-soil feedback)
(Hittenschwiler and Vitousek, 2000; Weston and Mathesius,
2013). These chemical compounds provide more resources to
decomposers and suppress the growth of native plants,
consequently altering the diversity of native plant communities
(Zhang et al., 2019d). Therefore, there is a need to understand at
which stage or at which period these allelochemicals can trigger
maximum plant invasion.

In addition, litter decomposition influences primary ecosystem
productivity and greatly impacts ecosystem processes throughout
invaded communities (Luo et al., 2018). The C and N cycles are
indeed fundamental components of ecosystem functioning, driving
essential processes that sustain life on Earth and play a vital part in
the nutrient budget of an ecosystem (Zhang et al., 2020e). However,
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the C and N cycles could potentially influence the invasion process
of alien plants, mainly through alterations in allelopathy (Raheem
et al, 2024). These changes in their allelopathy affect the seed
germination and seedling growth of adjacent species (Wang et al.,
2020). Invasive species grow rapidly and accumulate more nitrogen
in their tissues, which is subsequently returned to the soil upon
decomposition in greater amounts than in indigenous plants,
potentially leading to an increased availability of N at the soil surface
(Adomako et al., 2021; Yelenik and D’Antonio, 2013). Therefore, the
nutrient cycling rate in invaded areas could increase, and at the later
stage of litter decomposition, the nutrient inputs might increase the
invasion ability of invasive species (Zeng et al., 2020). Many studies
have focused on the effects of litter decomposition, specifically on the C
and N cycles or the secondary metabolite effects of isolated
decomposition (such as allelopathy) (Chomel et al., 2016; Wolfe and
Ballhorn, 2020; Zhang et al, 2019¢). There are studies on the
relationship between the C and N cycles and allelopathic effects,
particularly on the coexisting effects of cyclic and secondary
metabolites (Macias et al., 2019; Scavo et al., 2018). Recent studies
(Macias et al., 2019; Scavo et al., 2018) have explored the influence of
the litter decomposition of invasive species relative to that of native
species, investigating the associated mechanisms (Dignac et al., 2017;
Finch et al., 2021). However, the allelopathic effects of litters derived
from invasive, native, and mixed cultures under different time frames
have not been studied yet in terrestrial ecosystems.

In this study, we focused on how litter decomposition from invasive
and native plants affects the soil biochemistry and nutrient cycles over
time, using both field and greenhouse experiments. This approach
allowed assessing the impacts on the C and N cycles, allelochemicals,
and plant-soil feedback mechanisms. This study aimed to deepen our
understanding of plant-soil interactions and the mechanisms driving
ecosystem processes. It was hypothesized that a rapid release of
allelochemicals in the initial stages of litter decomposition, which
might disrupt the soil chemistry, followed by a steady input of
nutrients in the later stages, could potentially enhance the invasion
rates and limit native plant growth. This overall process—known as

10.3389/fpls.2024.1503203

plant-soil feedback—could ultimately support invasive species while
negatively affecting native plants. Accordingly, the study objectives were
as follows: 1) to evaluate the effect of the litter decomposition rates on
soil conditions and invasive success relative to native species; 2) to
characterize the decomposition dynamics across multiple time intervals;
and 3) to investigate the plant-soil feedback effects of invasive litter and
their impact on local plant communities.

2 Materials and methods

2.1 Study site

The study was conducted in Jiaoshan, Zhenjiang City, Jiangsu
Province, China (32°9' N, 119°31" E), in 2018. The annual average
temperature was 15.6°C, while the monthly average was from —10°C
(January) to 31.3°C (July). The annual rainfall was 1,088.2 mm. The
soil, characterized by its high clay content, is classified as Gleysol or
water-soluble soil. The selected study site was dominated by native
Phalaris arundinacea L., Phragmites australis (Cav.) Trin. ex Steud.,
Zizania caduciflora Hand.-Mazz., Polygonum lapathifolium L., and
Cardamine lyrata Bunge and was invaded by Solidago canadensis.
The native Phalaris spp. covered approximately 60% of the area,
while S. canadensis accounted for approximately 20%.

2.2 Experiment 1: Litterbag experiment

The plant communities selected were 1) highly invaded
communities (invaded by invasive S. canadensis); 2) mixed
communities (a 50:50 ratio of S. canadensis to P. arundinacea);
and 3) native P. arundinacea communities without S. canadensis
invasion. Each community was replicated three times for nine sites
(three sites per community) (Figure 1).

All sites were placed within 1 km and were chosen to have similar
characteristics, such as slope, temperature, and light, among others.
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FIGURE 1

Experimental design. (A) The litter decomposition experiment was conducted from October 2018 to April 2019. The experiment was divided into in
situ decomposition experiments and greenhouse supplement experiments. Three plant community plots for the in situ decomposition experiments
were selected based on the degree of Solidago canadensis invasion. (B) Litter and soil samples were recovered for analysis in months 1, 2, 3, 4, and
6. At the same time, the allelopathic effect of the recovered litter extract was examined. In order to investigate the metabolic dynamics of litter
allelochemicals entering the soil, litter decomposition was also carried out in the greenhouse, and litter was taken out at months 1, 2, 3, 4, and 6;
lettuce was grown using the soil. In addition, after decomposing the litter in the greenhouse for 6 months, Solidago canadensis (Sc), Phalaris
arundinacea (Pa), Solidago decurrens (Sd), and Pterocypsela laciniata (Pl) were planted to assess the soil feedback of the decomposition of Sc litter.
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Dynamic changes in the litter decomposition of both native and
invasive species were studied through in situ litterbag experiments. In
September 2018, wholly developed mature leaf litter samples from
different S. canadensis and P. arundinacea individuals in the invaded
area were collected manually. Air-dried litter samples were cut into
sizes of 3-6 cm (approximately 5 g) of a single species and placed in
nylon litterbags (1 mm mesh, 10 x 15 cm) (Lecerf, 2017). All woody
and non-woody litters were carefully removed in each plot, and live
or dead plant material was removed. The two litters (woody and non-
woody) were weighed separately, equal proportions of each litter type
were removed by treatment level, and then the remaining litters were
returned to the plots in October 2018. A total of 10 replicates of each
treatment were obtained after 30, 60, 120, and 180 days of litter
decomposition; the others were analyzed at 0 month. Once the bags
were removed, the litter samples were processed, sorted by species,
dried, and weighed. The C and N in the litter types after different
periods were measured using an elemental analyzer. Determination
of the cellulose and lignin contents in the litter was performed using
sulfuric acid extraction of anthrone (Gessner, 2005).

2.3 Experiment 2: Litter decomposition and
allelopathy experiment

A seed germination experiment was performed to analyze the
litter allelopathic effect. The allelopathic effect (RIs) indices were
determined to evaluate the allelopathic effects of the litter extracts on
lettuce seed germination and seedling growth (An, 2005; Wang et al,
2019). Lettuce seeds are highly sensitive to allelochemicals, and they
are often used in allelopathic research experiments (Thiebaut et al,
2019; Yuan et al., 2013); hence, lettuce was selected as the test plant.
The retrieved littered leaves at each fabricated littered time were
placed into a flask filled with 100 ml of distilled water, soaked at room
temperature for 48 h, and then filtered. The derived solution was then
placed in a refrigerator at 4°C for subsequent processing. Five
replicates were set for each treatment using distilled water as a
control. To reduce the sensitivity difference of lettuce seeds to
allelochemicals caused by storage time, a control experiment with
distilled water was carried out at each decomposition stage. Seed
germination and growth tests were carried out using culture dishes.

The surface of the lettuce seeds was sterilized with 1% sodium
hypochlorite for approximately 15 min and then rinsed thoroughly
with deionized water. Two layers of filter paper were spread on the
bottom of a Petri dish (diameter, 9 cm), and 30 healthy lettuce seeds
were then carefully moved into the Petri dish. Subsequently, 5 ml of
the aforementioned treatment solution was added to each. The
culture dishes were stored in a temperature-controlled incubator at
25°C for 10 days, with the temperature set at 25°C for 8 h, 20°C for 8
h, and 16°C for 8 h. Leaf litter extract or deionized water of
approximately 0.5 ml was added daily to each Petri dish. The
number of seeds that were germinated was counted daily after
sprouting. After 14 days of cultivation, 10 seedlings were randomly
selected from each Petri dish to measure the lettuce seed
germination and seedling growth index values. The total phenol
and flavonoid contents were determined using the Folin-Ciocalteu
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colorimetric method and ultraviolet spectrophotometry (Birlocher
and Graca, 2005), respectively.

At the same time, the dynamic effects of allelochemicals in the
litter types were investigated through greenhouse pot experiments.
The leaf litter samples from S. canadensis and P. arundinacea were
buried in the flower pots (5 g per 1 kg of soil) taken 30, 60, 120, and
180 days after decomposition. A blank soil without added litter was
also considered a control. Five replicates were set for each
treatment. The soil with added litter was mixed evenly and the
lettuce plants grown accordingly. The plant growth parameters
were measured after 1 month of sowing.

Soil samples were taken and mixed. An aliquot of five soils per
site was stored at a field moisture content of 4°C to analyze the
activities of ammonia, nitrate nitrogen, and others. Another aliquot
of soil was air dried at room temperature, crushed to pass through a
2-mm sieve to remove large fragments of organic matter, and stored
in a lined paper bag for chemical analysis, including total organic
carbon (TOC), catalase, etc. The potassium dichromate volumetric
method was used to measure the TOC (Parsons, 1962), and the soil
catalase activity was determined using the 0.1 N KMnO, titration
method—determination of soil polyphenol oxidase activity by
pyrogallol colorimetry. The urease activity was measured using a
spectrophotometer at 578 nm/g dry soil in 24 hands, while the 3,5-
dinitrosalicylic acid technique was used to measure the invertase
activity. Data were read with a spectrophotometer at 508 nm and
expressed as micrograms of glucose produced per gram of dry soil
in 24 h (Burns, 1982; Marx et al.,, 2001; Zhou and Zhang, 2014).

2.4 Experiment 3: Litter
feedback experiment

Additional experiments were performed to examine the soil
feedback effects of the litter decomposition of S. canadensis and P.
arundinacea. Standard two-phase experiments consisting of
conditioning and feedback phases were conducted (Pernilla
Brinkman et al., 2010). For the conditioning phase, in the
greenhouse, the litter of each species was decomposed in pots
(height, 16.5 cm; top diameter, 32 cm) filled with 4:1 organic
nutritive soil and litter obtained from the in situ experiment. In
each pot, 4 kg of soil was placed, and litter was added in proportion
to 5 g of litter in 1 kg of soil. An empty litter bag was set as a control,
and each group was repeated five times (Reinhart and Rinella,
2016). These 15 pots corresponded to the conditioning duration of
6-month litter decomposition periods. All of the litter was carefully
removed from the soil at the end of the conditioning phase of the
experiment in April 2019.

In the feedback phase, each soil mixture (from the previous
experiment) was filled into 20 pots measuring 16 cm x 16 cm X 16
cm. S. canadensis and P. arundinacea were selected for the feedback
phase. At the same time, Pterocypsela laciniata and Solidago
decurrens were planted to examine the effects of feedback on
other native plants. The plants were grown for 9 weeks in the
experimental garden. All plants were harvested at the end of the
feedback experiment in June 2019. Five mature and fully expanded
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leaves per individual plant were randomly selected to estimate plant
growth performance. Subsequently, the aboveground and separated
parts were segregated, ground to a constant weight, and weighed.

2.5 Statistical analysis

Two-way analysis of variance (ANOVA) was used to measure
the differences between the plant growth performance and the soil
physicochemical properties and between all treatment groups. The
Student-Newman-Keuls test was followed for multiple
comparisons, with significant differences at p < 0.05. All statistical
analysis was performed on the IBM SPSS Statistics software (version
25.0; IBM Corp., Armonk, NY, USA). ANOVA was also used to
measure the effects of mixtures, incubation time (days), and their
interactions with the litter mass loss, allelopathy, and soil
physicochemical properties. Redundancy analysis (RDA) was used
to measure the relationship between the soil biochemical
characteristics and C substrate utilization. This method was
designated according to an early detrended correspondence
analysis with a gradient length <3.0, suggesting that a linear

10.3389/fpls.2024.1503203

ordination model was used. The significance of the soil
biochemical variables in explaining the variance in C substrate
utilization was assessed using Monte Carlo simulations. The RDA
was performed using CANOCO 4.5, and outcomes were visualized
with the extension CanoDraw for Windows.

3 Results
3.1 Litter mass remaining

Litter mass remaining (LMR), the C/N ratio, and lignin/N varied
significantly across different litter types (i.e., invasive, native, and
mixed), sampling dates, and their interactions (Table 1). When
decomposed separately, S. canadensis litter degraded faster than P.
arundinacea litter. In mixed communities, however, S. canadensis
showed a slower decomposition rate, while P. arundinacea
decomposed more rapidly. After 180 days, the LMR values for S.
canadensis and P. arundinacea were 36% and 43%, respectively, in
single-species settings compared with 32% and 44%, respectively, in
mixed communities (Figure 2). In all three litter types, the C/N ratio

TABLE 1 Summary of the results of the two-way analysis of variance (ANOVA) of the physical properties of litter and the allelopathic effect index of

the litter extracts.

Solidago canadensis alone

Solidago canadensis mixed

Parameter Factor
df fo) df F p
Species 1 133.699 <0.001 1 565.735 <0.001
Mass loss Time 2.226 584.297 <0.001 2917 573.347 <0.001
Species*Time 2.226 10.483 <0.001 2917 38.152 <0.001
Species 1 414.790 <0.001 1 2,287.776 <0.001
Leaf C/N Time 4 98.327 <0.001 4 26.978 <0.001
Species*Time 4 18.189 <0.001 4 10.910 <0.001
Species 1 9.005 0.04 1 109.438 <0.001
Lignin/N Time 2.14 345.396 <0.001 4 157.277 <0.001
Species*Time 2.14 11.848 0.003 4 41.966 <0.001
Species 1 15.685 0.004 1 5.921 0.041
Total phenol Time 1.062 158.926 <0.001 1.055 174.160 <0.001
Species*Time 1.062 64.989 <0.001 1.055 73.709 <0.001
Species 1 266.029 <0.001 1 288.309 <0.001
Total flavonoid Time 1.06 487.424 <0.001 1.053 495.218 <0.001
Species*Time 1.06 352.951 <0.001 1.053 350.899 <0.001
Species 1 440.842 <0.001 1 1,6432.781 <0.001
Carbon loss Time 4 1,007.088 <0.001 4 1,399.460 <0.001
Species*Time 4 21.242 <0.001 4 119.502 <0.001
Species 1 3.628 0.13 1 769.617 <0.001
Nitrogen loss Time 4 1,520.748 <0.001 4 718.338 <0.001
Species*Time 4 4.973 0.008 4 17.850 <0.001

F values and their significance are provided, and p-values <0.05 are highlighted in bold.
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Lignin/nitrogen ratio (A), litter mass remaining (B), and carbon/nitrogen ratio of litter (C) (mean + SE) of Solidago canadensis and Phragmites when
each was decomposed alone or in mixed communities. Sc, Solidago canadensis at the invasive site; Pa, Phalaris arundinacea at the native site; MSc,
S. canadensis in the mixed community at the co-exit site; MPa, P. arundinacea in the mixed community at the co-exit site.

gradually decreased as decomposition progressed (Figure 2). The
lignin/N ratio in P. arundinacea litter increased until day 60 and
then stabilized at this level for the rest of the study period.
Conversely, in S. canadensis litter, the lignin/N ratio increased
only during the initial stages at the invasive site, but showed a
steady decline in the mixed or co-existing communities (Figure 2).

3.2 Allelopathy and nutrient input

Generally, leaf extracts significantly affect the seedling growth
indices of lettuce. The total phenol content, the total flavonoid
content, and the carbon and nitrogen mass remaining significantly
changed across different litter types (i.e., invasive, native, and
mixed), sampling dates, and their interactions (Table 1). Leaf
extracts, regardless of species, significantly decreased the RlIs.
Before decomposition, compared with that of P. arundinacea, the
allelopathic effect of S. canadensis was more negative. After 30 days
of decomposition, the allelopathic effects of the extracts of the two
species were significantly weakened, and there was almost no
allelopathic effect. Only the S. canadensis litter in single
communities had a negative effect on the lettuce seeds. After 60
days of decomposition, this trend was reversed, and the extracts of
the S. canadensis and P. arundinacea litters promoted the growth of
lettuce, with the P. arundinacea litter in the mixed communities
having the most significant growth promotion. Thereafter, the
indices of the allelopathic effects slowly decreased and remained
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constant (Figure 3). There were some differences in the total phenol
and total flavonoid contents between the two species, with the S.
canadensis litter showing higher total phenol and total flavonoid
contents; however, both species followed similar trends along time:
In the first month, the total phenolic and total flavonoid contents
decreased sharply and remained stable for 6 months. At the same
time, the total phenol remaining in the P. arundinacea litter was
higher than that in the S. canadensis litter in the next five 5 months
(Figure 3). The LMR (carbon) of S. canadensis in the co-existing site
was 100%. In contrast, the mass remaining (carbon) of the natives
in the co-existing litter was 100% initially at 0 day; later, at 30,
60, and 120 days, the remaining carbon mass values of the natives in
the coexisting sites were constant, 79.43%, 77.25%, and 74.82%,
respectively (Figure 3). When the S. canadensis and P. arundinacea
litters were decomposed in single communities, there were no
differences in the rates of nitrogen loss. However, the mixed
communities accelerated the litter nitrogen loss rate of S.
canadensis in the co-exiting site (Figure 3).

The ammonia and nitrate, organic carbon, and inorganic
nitrogen were significantly impacted by the different litter types
(i.e., invasive, native, and mixed), the sampling dates, and their
interactions (Table 2). The ammonia and nitrate in S. canadensis at
the invasive site increased gradually up to 120 days to 0.89 and 14.93
mg/kg, respectively, compared with those in P. arundinacea at the
native site. The soil organic carbon in S. canadensis at the invasive
site increased gradually from 0 day to 120 days, from 10.6 to 15.82
mg/kg compared with P. arundinacea at the native site (Figure 4).
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The inorganic nitrogen in S. canadensis at the invasive and co-
existing sites increased from 0 day to 60 days and decreased slowly
from 60 days to 180 days (Figure 4).

3.3 Soil enzyme activity

The soil enzyme activity, including polyphenol oxidase,
catalase, and sucrase, exhibited significant variations based on the
soil intrusion plots, decomposition duration, and their interactions
(Table 2). Notably, after 60 days of litter decomposition, the
polyphenol oxidase activity was significantly inhibited, while the
catalase activity showed a marked increase on the same day.
The sucrase activity remained stable at 30 and 180 days post-
decomposition, but showed a notable increase during the mid-
stages, specifically on days 60 and 120. In contrast, the urease
activity did not exhibit significant changes in response to the
decomposition time or its interaction with other factors (Table 2).

3.4 Soil feedback

In invaded soils, the growth of P. arundinacea plants was
significantly suppressed, with a reduction of approximately 30%
compared with those in native soils (Figure 5). The lowest recorded
plant height was 39.2 cm, which was for S. decurrens in invaded soil
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conditions. In addition, the invaded soils negatively impacted both the
root-to-shoot ratio and the biomass of P. arundinacea and S. decurrens
plants (Figure 5). Analysis of the plant-soil feedback interactions
revealed a consistent negative effect associated with soils conditioned
by invasive S. canadensis, leading to diminished performance in native
species such as P. arundinacea, S. decurrens,and P. laciniata. Conversely,
invasive S. canadensis exhibited a positive feedback interaction and
showed positive values in native and invaded soils (Figure 5).

3.5 Interaction between soil biochemical
characteristics and allelochemical analysis

In the RDA of allelopathy, litter loss, and soil nutrition with an
environmental factor as the explanatory variables, axis 1 (the x-axis)
accounted for 65.3% and 33.8% of the variation in the dataset, with
7.8% and 10.2% of the variation accounted for by axis 2 (the y-axis).
Together, 95.8% and 91.5% of the variation in allelopathy and LMR,
respectively, were explained (Figures 6A, B). In general, the
decomposition time contributed more to the separation of the
samples. Allelochemicals (total phenols and total flavonoids) mainly
negatively controlled the root length, C loss, N loss, and LMR, which
were positively correlated with the litter C and N contents and
negatively correlated with lignin/N and C/N (Figure 6A). At the
same time, inorganic nitrogen and lignin/N were also negatively
correlated (Figure 6).
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TABLE 2 Summary of the results of the two-way analysis of variance (ANOVA) for the soil physiochemical data.

Solidago canadensis alone

Solidago canadensis mixed

Parameter Factor
F P df F p
Species 3 120.367 <0.001 2 76.079 <0.001
Soil C Time 4 21.945 <0.001 2.835 4.639 <0.016
Species*Time 12 18.794 <0.001 5.671 3.627 <0.018
Species 3 163.724 <0.001 2 884.74 <0.001
Soil N Time 4 3.465 <0.018 4 2.817 <0.048
Species*Time 12 26.645 <0.001 8 17.535 <0.001
Species 3 1.445 0.3 2 9.142 0.015
TOC Time 4 9.646 <0.001 4 20.096 <0.001
Species*Time 12 0.672 0.764 8 4.130 0.003
Species 3 4.784 0.034 2 2.285 0.183
Ammonium nitrogen Time 4 3.482 0.018 1.184 5.473 0.048
Species*Time 12 0.402 0.952 2.368 0.983 0.434
Species 3 6.001 0.019 2 22.335 0.002
Nitrate Time 1.49 3.887 0.06 4 5.336 0.003
Species*Time 12 2.135 0.043 8 7.028 <0.001
Species 3 5.783 0.021 2 24.459 0.001
Inorganic nitrogen Time 1.522 4.073 0.053 4 5.632 0.002
Species*Time 4.567 2.191 0.126 8 7.007 <0.001
Species 3 4.962 0.013 2 0.824 0.462
Polyphenol oxidase Time 1.705 667.063 <0.001 1.795 240.160 <0.001
Species*Time 5.115 16.879 <0.001 3.59 5.469 0.004
Species 3 3.609 0.037 2 3.046 0.085
Catalase Time 2.236 38.355 <0.001 1.61 15.373 <0.001
Species*Time 6.707 2.168 0.063 3.22 0.439 0.741
Species 3 4.754 0.015 2 24.074 <0.001
Urease Time 1.268 0.963 0.36 1.196 0.538 0.506
Species*Time 3.803 0.593 0.664 2.392 1.148 0.354
Species 3 25.955 <0.001 2 36.602 <0.001
Sucrase Time 2.759 11.723 <0.001 4 3.832 0.009
Species*Time 8.276 4.325 0.001 8 6.234 <0.001

F values and their significance are provided, and p-values <0.05 are highlighted in bold.

4 Discussion mass remaining was higher and its nitrogen release faster than that
of P. arundinacea (Figure 2). The results from the present study
aligned with those of previous studies showing that litter
characteristics such as high-quality litter (litter with a low C/N
ratio) usually decompose faster than low-quality litter (Cornwell
et al., 2008; Garcla-Palacios et al., 2016; Wu et al., 2023). This might

have occurred due to high-quality litter (low C/N ratio and low

4.1 Litter quality and the soil matrix affect
litter decomposition

In the present study, the S. canadensis and P. arundinacea litters
in mixed communities resulted in non-additive effects on

decomposition compared with the litter from each species
decomposing in single communities. Our research showed that
S. canadensis had a lower C/N ratio than P. arundinacea, and its

Frontiers in Plant Science

08

lignin) decomposing more rapidly in a well-structured, nutrient-
rich soil, but slowly in nutrient-poor or compacted soils. However,
the soil texture can influence the decomposition of different types of
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after the initial decomposition, and late decomposition).

litter differently (Angst et al., 2021). For instance, fine-textured soils
(high clay content) might slow down the decomposition of high-
lignin litter more than coarse-textured soils.

On the contrary, low-quality litter (high lignin content) might
decompose more efficiently in soils with a diverse and active
microbial community capable of breaking down complex
compounds (Kohmann et al., 2020; Pasricha, 2017). Therefore, the
lignin/N ratio was also considered an extremely important litter
chemical property for describing the litter quality in our study
(Kuebbing et al., 2019). At the same time, the decomposition of litter
and the release of carbon were hindered on the 60th day (Figures 2,
3), which might be due to the polyphenol oxidase activity in the soil
being inhibited, which could be related to the release of secondary
metabolites in the litter. The additive effect could be due to S.
canadensis changing the soil properties, while the secondary
compound release was associated with its negative effects. This
indicates that the soil properties have an additive effect on the
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litter decomposition process and the litter quality (Bani et al., 2018;
Luetal, 2017; Ristok et al., 2017; Yan et al., 2018). For example, the
litter composition of Spartina alterniflora and Phragmites communis
selects different soil microbial structures and controls the different
litter decomposition patterns and soil carbon sequestration capacity
(Yan et al, 2018). Overall, our results showed that not only the
quality of litter but also the soil comprised the main driving force in
the decomposition of litter. Understanding these interactions helps
in the prediction of the decomposition rates and nutrient cycling in

various ecosystems.

4.2 Release of allelochemicals
The leaves of S. canadensis and P. arundinacea can release

allelochemicals such as catalase and phenols during the initial
decomposition process. The allelopathic activity of these
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compounds inhibited lettuce seed germination and seedling growth,
consistent with previous studies (Del Fabbro and Prati, 2015; Wang
et al., 2019). At the same time, the S. canadensis litter contained
higher levels of allelochemicals and showed faster decomposition,
providing evidence of the good invasion of this species. The
chemical composition of the litter and the difference in the
allelopathic effects also indicated that the allelopathic effect of the
litter was highly time-sensitive and that this effect may be reduced
during the decomposition process. In addition, the timing of
allelochemical release, particularly during early decomposition,
maximizes their inhibitory effects on native plants when they are
most vulnerable (e.g., germination and early growth stages) (Scavo
et al,, 2019a). As decomposition progresses, nutrient release could
shift from allelopathic inhibition to nutrient enrichment (Xu et al.,
2023), allowing S. canadensis to establish itself in the soil it has
conditioned, further enabling its dominance. When plant litter is
freshly deposited at the initial stage, it often contains high
concentrations of allelochemicals (Santonja et al., 2019). These
compounds can leach into the soil with the first rain or through
the action of dew, which has a strong inhibitory effect on seed
germination and the growth of neighboring plants (Einhellig, 2018;
Macias et al., 2020). In the final stage of decomposition, the litter is
largely broken down into basic nutrients and humus. By this stage,
most of the original allelochemicals have either degraded or been
assimilated by soil microorganisms (He et al., 2020). Soil
allelopathic experiments have shown that allelochemicals inhibit
the growth of lettuce seeds at the initial stage of growth (Figure 5).
The effects of allelochemicals in the soil were more extensive,
inhibiting germination and reducing the nitrogen and carbon
rates (Figure 3). For example, the allelopathic compounds
released by S. canadensis restrained the soil mineralization and
nitrification processes at the high extract level (Zhang et al., 2014).
Some chemicals are decomposed or transformed by microorganisms
in the soil and can also provide abundant carbon sources for soil
microbial growth, thus changing the function and structure of the
microbial communities (Louvel et al., 2011; Qin et al., 2014; Zhu et al.,
2017b). In a broader context (i.e., plant communities), allelochemicals
can help explain the effects of litter mixture on the rate of litter
decomposition and the adaptation/selection of soil organisms that
lead to “homeland advantage.” However, this time-sensitive nature of
the allelopathic effects of plant litter is influenced by various factors,
including microbial activity, environmental conditions, and the
chemical properties of the allelochemicals (Misra et al., 2020).
Understanding these processes is essential for effectively managing
allelopathy in agricultural and natural ecosystems.

4.3 Effects of litter decomposition on the
soil C and N cycle

In the present study, although no significant changes were
found, the variables associated with the C and N cycles in the soil
tended to increase with litter decomposition, and increases in the
litter input did not significantly affect the functions of the surface
soil biota (Figures 2, 3). The impact of litter decomposition on
nutrient cycling might be minor in some cases, but it can
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significantly affect the biotic indicators, particularly native and
invasive plant communities (Marchante et al., 2019; Souza-Alonso
et al,, 2024; Vila et al, 2011). There are reasons for how litter
decomposition impacts nutrient cycling and affects the native and
invasive communities. Firstly, the response of ecosystem processes,
such as the C and N cycles, to plant invasion can indeed lag behind
the immediate and more visible changes in the biome. This lag
occurs due to several factors that influence how quickly ecosystem
processes can adjust to new plant communities introduced by
invasive species. For example, changes in the C and N cycles in
response to plant invasion often exhibit a time lag, whereby the
ecosystem takes time to adjust to the shifts introduced by invasive
species (Haubrock et al., 2022). This delayed response can stem
from factors such as microbial adaptation and gradual litter
accumulation, which modify nutrient cycling over time rather
than immediately upon invasion. Moreover, during the early
stages of decomposition, the allelochemicals released from
invasive litter could inhibit the access of nearby plant species to
essential nutrients, affecting nutrient cycling indirectly. As these
chemicals break down over time, they can alter nutrient dynamics,
favoring the invasive species while limiting the resources for native
plants. When plant invasions occur, the immediate effects are often
observed in biological variables such as the abundance and diversity
of the plant and animal species within the biome. These biological
changes are more rapidly apparent than ecosystem processes, which
respond more slowly to new conditions (Hulme et al, 2013;
Marchante et al, 2019). Our studies lasted only 6 months, which
might be too short to detect significant changes in the life cycle of
invasive plant litter. The effects of litter on nutrient cycling (e.g.,
nitrogen mineralization and nitrification) may only be detectable
over a longer period. Secondly, these discrepancies can also be
explained by the complexity of the underlying biological processes
and their interactions (éapek et al., 2018; Hittenschwiler and
Vitousek, 2000). The nutrients in the S. canadensis and P.
arundinacea litters were relatively abundant, promoting early
enzymatic activities such as catalase in microbial activity.
However, there was no significant change in urease activity
associated with nitrogen cycling during litter decomposition, and
the activity of invertase increased, but not significantly. The
nutrients in the litter likely accelerated the growth of
microorganisms, accelerating the decomposition of the litter. This
interaction is a key component of nutrient cycling in ecosystems,
such as nitrogen, phosphorus, and other minerals, providing
excellent substrates for the growth of soil microorganisms. These
nutrients are essential for the metabolic processes of bacteria, fungi,
and other decomposers. As microorganisms access these nutrients,
their populations can rapidly increase, enhancing their enzymatic
activity and the overall rate of litter decomposition. Secondary
metabolites, such as allelochemicals, phenolics, and other bioactive
compounds produced by plants, can indeed slow down litter
decomposition and nutrient cycling by inhibiting the soil enzyme
activity and affecting the microbial communities (Ma et al., 2022;
Scavo et al,, 2018; Weidenhamer et al., 2023). Finally, differences in
the soil type, soil depth, and the quantity and type of litter added
also play a role (Bonanomi et al., 2016; Delgado-Baquerizo et al.,
2015; Hobbie, 1992; Vahdat et al., 2011).
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4.4 Effects of litter on soil feedback

Plant litter can have profound effects on the soil feedback
mechanisms, influencing the soil properties, microbial
communities, nutrient cycling, and plant growth (Figure 5). This
feedback can be either positive or negative, depending on the quality
and composition of the litter, as well as the specific ecological
context (Feng et al., 2022; Herrera Paredes and Lebeis, 2016). The
feedback between plants and soil is indeed a crucial driving force
determining plant growth, physiology, and community
composition (Bever et al., 1997; Mariotte et al., 2018; van der
Putten et al.,, 2013). Our results exposed a vital outcome of soil
conditioning on the biomass of native P. arundinacea and invasive
S. canadensis. This is similar to the findings of many feedback
studies that soil nutrients are accessible through the fast
decomposition of nutrient-rich litter (from invasive species),
increasing the plant nutrient availability in the next generation
(Olson and Wallander, 2002). Nutrient-rich litter can enhance soil
fertility by providing essential nutrients such as nitrogen,
phosphorus, and potassium as it decomposes. Soil fertility can
improve plant growth, produce more litter, and provide a positive
feedback loop for nutrient enrichment.

In addition, positive litter-mediated feedback can favor the
invasion of exotic plants, which often are more competitive for
the nutrients released from decomposing plant litter. This process
can lead to shifts in the plant community composition and further
facilitate the spread of invasive species (Eppinga et al., 2011).
Invasive species can create favorable conditions, such as an
enhanced level of available nutrients in the occupied habitats,
which can increase the probability of successfully invading
another invasive species in the same habitat (Kuebbing et al,
2014; Mahla and Mlambo, 2019). In the context of exotic plants,
an increasing number of studies specified that introducing non-
native plants into new ecosystems can significantly affect the soil
nitrogen and carbon cycling, which can positively or negatively
affect the soil biota. These effects can either increase or decrease the
rates of these essential processes, depending on various factors
including the characteristics of the invasive species, the existing soil
conditions, and the interactions with native species and soil
microbes (Pellegrini et al., 2021; Qin et al, 2014; Zhang et al,
2019d). However, generalizing litter-mediated feedback through
nutrients is complex due to the confounding effects of other
chemical compounds and biotic interactions. These additional
factors can lead to unexpected outcomes for future generations of
plants (Hobbie, 2015). Most of the studies have demonstrated or
suggested the potential for soil feedback to alter competition
through soil nutrient and microbial community changes. In the
present study, soil nutrients were also made available through the
rapid decomposition of the nutrient-rich litter of S. canadensis. In
contrast, the litter of P. arundinacea had a high concentration of
structural carbohydrates, decomposed slower, and produced less
positive plant-soil feedback (Ren et al., 2024; Wardle et al., 2004).
Nutrient-mediated litter feedback is generally less specific to
individual plant species than plant-soil feedback driven by
specialized allelochemicals, resulting in the differential responses
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among plant species with varied growth strategies. Typically, fast-
growing, nutrient-responsive species capitalize on nutrient-rich
conditions, potentially shifting the composition of plant
communities in their favor. Slow nutrient recycling, in contrast,
can hinder plant species with more conservative resource-use
strategies, as observed by Veen et al. (2019). Our findings
similarly showed that, over time, the nutrient inputs from litter
decomposition tended to favor the invasive S. canadensis over the
native species. Moreover, distinct litter types may host unique litter
microbiomes, with particular fungal communities developing that
can create “home-field advantage” effects. In S. canadensis, the shifts
in fungal populations associated with its litter have been shown to
enhance the decomposition rates and nutrient availability (Lin et al.,
2019). This process not only expedites nutrient cycling but can also
establish microbial communities that reinforce the invasiveness of
S. canadensis in ecosystems where it becomes established,
amplifying its competitive edge against native flora.

5 Conclusions

The results of the study showed that soil environments such as
mixed plots increase invasive plant litter decomposition. Significant
variations in LMR were observed across different litter types—
specifically invasive (S. canadensis), native (P. arundinacea), and
their interactions. When decomposed individually, the S.
canadensis litter exhibited a faster degradation rate compared
with P. arundinacea. However, in mixed communities, the
decomposition dynamics shifted, with S. canadensis experiencing a
slower rate of decomposition while P. arundinacea decomposed more
rapidly. This finding supports our hypothesis that, during the initial
stages of litter decomposition, the rapid release of allelochemicals is a
significant factor, whereas nutrient input becomes more prominent in
the later stages of decomposition. Moreover, our results revealed that
invaded soils negatively impacted the growth of P. arundinacea, with
reductions of approximately 30% in plant height compared with native
soils. This finding provides compelling evidence that litter can alter the
soil ecosystem properties, promoting positive litter-mediated plant-
soil feedback that favors the invasion of exotic species. The results of
this research contribute to the understanding of the ecosystem-scale
impacts of invasive plants and their direct and indirect effects,
highlighting the interplay between native and invasive species and
their associated decomposer communities.

In light of these findings, future research perspectives could:

» Investigate the long-term ecological impacts of invasive
species on soil health, nutrient cycling, and plant
community dynamics, which will provide deeper insights
into the sustainability of ecosystems affected by invasions.

* Conduct comparative studies between different invasive
and native species across various environmental contexts,
which will help to elucidate the specific mechanisms
through which invasives alter ecosystem processes.

* Examine the role of microbial communities in litter
decomposition and nutrient cycling, which could reveal
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additional layers of complexity in plant-soil interactions,

particularly in invaded versus native environments.

Addressing these future research perspectives could enhance
our understanding of the ecological dynamics at play in invaded
ecosystems and aid in the development of more effective
management practices to combat the negative impacts of invasive
plant species. This approach will be crucial for preserving
biodiversity and maintaining the integrity of terrestrial ecosystems.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

JS: Writing - review & editing. YF: Writing - original draft. JS:
Writing - review & editing. YB: Writing — review & editing. MN:
Writing - review & editing. QJ: Writing - review & editing, Writing -
original draft. WK: Writing - review & editing. RA: Writing — review
& editing. WX: Writing - review & editing. WL: Writing - review &
editing. DD: Funding acquisition, Resources, Supervision, Writing -
review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work

References

Adomako, M. O., Ning, L., Tang, M., Du, D.-L., Van Kleunen, M., and Yu, F.-H.
(2019). Diversity-and density-mediated allelopathic effects of resident plant
communities on invasion by an exotic plant. Plant Soil. 440, 581-592. doi: 10.1007/
s11104-019-04123-9

Adomako, M. O., Xue, W., Du, D.-L., and Yu, F.-H. (2021). Soil biota and soil
substrates influence responses of the rhizomatous clonal grass Leymus chinensis to
nutrient heterogeneity. Plant Soil. 465, 19-29. doi: 10.1007/s11104-021-04967-0

An, M. (2005). Mathematical modelling of dose-response relationship (hormesis) in
allelopathy and its application. Nonlinearity Biol. Toxicol. Med. 3, 153-172. doi:
10.2201/n0nlin.003.02.001

Angst, G., Pokorny, J., Mueller, C. W., Prater, 1., Preusser, S., Kandeler, E., et al.
(2021). Soil texture affects the coupling of litter decomposition and soil organic
matter formation. Soil Biol. Biochem. 159, 108302. doi: 10.1016/j.soilbio.
2021.108302

Asplund, J., and Wardle, D. A. (2017). How lichens impact on terrestrial community
and ecosystem properties. Biol. Rev. 92, 1720-1738. doi: 10.1111/brv.12305

Bani, A., Pioli, S., Ventura, M., Panzacchi, P., Borruso, L., Tognetti, R., et al. (2018).
The role of microbial community in the decomposition of leaf litter and deadwood.
Appl. Soil Ecol. 126, 75-84. doi: 10.1016/j.apsoil.2018.02.017

Birlocher, F., and Graga, M. A. S. (2005). “Total Phenolics,” in Methods to Study
Litter Decomposition: A Practical Guide. Eds. M. A. S. Graga, F. Bérlocher and M. O.
Gessner (Springer Netherlands, Dordrecht).

Bever, J. D., Westover, K. M., and Antonovics, J. (1997). Incorporating the soil
community into plant population dynamics: the utility of the feedback approach. J.
Ecol. 85, 561-573. doi: 10.2307/2960528

Bonanomi, G., Cesarano, G., Gaglione, S. A., Ippolito, F., Sarker, T., and Rao, M. A.
(2016). Soil fertility promotes decomposition rate of nutrient poor, but not nutrient
rich litter through nitrogen transfer. Plant Soil 412, 397-411. doi: 10.1007/s11104-016-
3072-1

Frontiers in Plant Science

13

10.3389/fpls.2024.1503203

was supported by the National Natural Science Foundation of
China (31971427, 32071521), Carbon peak and Carbon neutrality
Technology Innovation Foundation of Jiangsu Province
(BK20220030), Priority Academic Program Development of
Jiangsu Higher Education Institutions (PAPD), and Jiangsu
Collaborative Innovation Center of Technology and Material of
Water Treatment.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Bonanomi, G., Incerti, G., Barile, E., Capodilupo, M., Antignani, V., Mingo, A., et al.
(2011). Phytotoxicity, not nitrogen immobilization, explains plant litter inhibitory
effects: evidence from solid-state 13C NMR spectroscopy. New Phytol. 191, 1018-1030.
doi: 10.1111/j.1469-8137.2011.03765.x

Bradford, M. A., Berg, B., Maynard, D. S., Wieder, W. R., and Wood, S. A. (2016).
Future directions: understanding the dominant controls on litter decomposition. J.
Ecol. 104, 229-238. doi: 10.1111/1365-2745.12507

Burns, R. G. (1982). Enzyme activity in soil: Location and a possible role in microbial
ecology. Soil Biol. Biochem. 14, 423-427. doi: 10.1016/0038-0717(82)90099-2

éapek, P., Manzoni, S., Kastovska, E., Wild, B., Diakova, K., Barta, J., et al. (2018). A
plant-microbe interaction framework explaining nutrient effects on primary
production. Nat. Ecol. Evol. 2, 1588. doi: 10.1038/541559-018-0662-8

Chase, J. M., Jeliazkov, A., Ladouceur, E., and Viana, D. S. (2020). Biodiversity
conservation through the lens of metacommunity ecology. Ann. New York Acad. Sci.
1469, 86-104. doi: 10.1111/nyas.14378

Chomel, M., Guittonny-Larchevéque, M., Fernandez, C., Gallet, C., Desrochers, A.,
Paré, D., et al. (2016). Plant secondary metabolites: a key driver of litter decomposition
and soil nutrient cycling. J. Ecol. 104, 1527-1541. doi: 10.1111/1365-2745.12644

Cornwell, W. K., Cornelissen, J. H. C., Amatangelo, K., Dorrepaal, E., Eviner, V. T.,
Godoy, O, et al. (2008). Plant species traits are the predominant control on litter
decomposition rates within biomes worldwide. Ecol. Lett. 11, 1065-1071. doi: 10.1111/
j.1461-0248.2008.01219.x

Del Fabbro, C., and Prati, D. (2015). The relative importance of
immediate allelopathy and allelopathic legacy in invasive plant species. Basic Appl.
Ecol. 16, 28-35. doi: 10.1016/j.baae.2014.10.007

Delgado-Baquerizo, M., Garcia-Palacios, P., Milla, R., Gallardo, A., and Maestre, F. T.
(2015). Soil characteristics determine soil carbon and nitrogen availability during leaf
litter decomposition regardless of litter quality. Soil Biol. Biochem. 81, 134-142. doi:
10.1016/j.s0ilbio.2014.11.009

frontiersin.org


https://doi.org/10.1007/s11104-019-04123-9
https://doi.org/10.1007/s11104-019-04123-9
https://doi.org/10.1007/s11104-021-04967-0
https://doi.org/10.2201/nonlin.003.02.001
https://doi.org/10.1016/j.soilbio.2021.108302
https://doi.org/10.1016/j.soilbio.2021.108302
https://doi.org/10.1111/brv.12305
https://doi.org/10.1016/j.apsoil.2018.02.017
https://doi.org/10.2307/2960528
https://doi.org/10.1007/s11104-016-3072-1
https://doi.org/10.1007/s11104-016-3072-1
https://doi.org/10.1111/j.1469-8137.2011.03765.x
https://doi.org/10.1111/1365-2745.12507
https://doi.org/10.1016/0038-0717(82)90099-2
https://doi.org/10.1038/s41559-018-0662-8
https://doi.org/10.1111/nyas.14378
https://doi.org/10.1111/1365-2745.12644
https://doi.org/10.1111/j.1461-0248.2008.01219.x
https://doi.org/10.1111/j.1461-0248.2008.01219.x
https://doi.org/10.1016/j.baae.2014.10.007
https://doi.org/10.1016/j.soilbio.2014.11.009
https://doi.org/10.3389/fpls.2024.1503203
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sun et al.

Dignac, M.-F.,, Derrien, D., Barre, P., Barot, S., Cécillon, L., Chenu, C,, et al. (2017).
Increasing soil carbon storage: mechanisms, effects of agricultural practices and proxies.
A review Agron. Sustain. Dev. 37, 1-27. doi: 10.1007/s13593-017-0421-2

Einhellig, F. A. (2018). “Allelopathy—a natural protection, allelochemicals,” in
Handbook of natural pesticides: methods (Boca Raton: CRC Press).

Eppinga, M. B., Kaproth, M. A,, Collins, A. R,, and Molofsky, J. (2011). Litter
feedbacks, evolutionary change and exotic plant invasion. J. Ecol. 99 (2), 503-514. doi:
10.1111/§.1365-2745.2010.01781.x

Feng, J., He, K., Zhang, Q., Han, M., and Zhu, B. (2022). Changes in plant inputs alter
soil carbon and microbial communities in forest ecosystems. Global Change Biol. 28,
3426-3440. doi: 10.1111/gcb.16107

Finch, D. M., Butler, J. L., Runyon, J. B,, Fettig, C. J., Kilkenny, F. F,, Jose, S., et al.
(2021). “Effects of climate change on invasive species,” in Invasive species in forests and
rangelands of the United States: a comprehensive science synthesis for the United States
forest sector. (Gewerbestrasse Cham, Switzerland). 57-83.

Findlay, S. E. (2021). “Organic matter decomposition,” in Fundamentals of ecosystem
science (Millbrook, NY, United States: Elsevier), 81-102.

Fujii, S., Mori, A. S., Koide, D., Makoto, K., Matsuoka, S., Osono, T., et al. (2017).
Disentangling relationships between plant diversity and decomposition processes
under forest restoration. J. App. Ecol. 54, 80-90. doi: 10.1111/1365-2664.12733

Garcia-Palacios, P., Mckie, B. G., Handa, 1. T., Frainer, A., Hittenschwiler, S., and
Jones, H. (2016a). The importance of litter traits and decomposers for litter
decomposition: a comparison of aquatic and terrestrial ecosystems within and across
biomes. Funct. Ecol. 30, 819-829. doi: 10.1111/1365-2435.12589

Garcia-Palacios, P., Shaw, E. A., Wall, D. H., and Hittenschwiler, S. (2016b).
Temporal dynamics of biotic and abiotic drivers of litter decomposition. Ecol. Lett.
19, 554-563. doi: 10.1111/ele.12590

Gessner, M. O. (2005). “Proximate Lignin and Cellulose,” in Methods to Study Litter
Decomposition: A Practical Guide. Eds. M. A. S. Graga, F. Barlocher and M. O. Gessner
(Springer Netherlands, Dordrecht).

Hattenschwiler, S., and Vitousek, P. M. (2000). The role of polyphenols in terrestrial
ecosystem nutrient cycling. Trends Ecol. Evol. 15, 238-243. doi: 10.1016/S0169-5347
(00)01861-9

Haubrock, P. J., Ahmed, D. A, Cuthbert, R. N,, Stubbington, R., Domisch, S.,
Marquez, J. R, et al. (2022). Invasion impacts and dynamics of a European-wide
introduced species. Global Change Biol. 28, 4620-4632. doi: 10.1111/gcb.16207

He, Z., Yao, L., Zhang, X,, Li, Y., Wang, D., Kang, L., et al. (2020). Faba bean organs
differed in their effects on maize seed germination rate and soil microbial activities as
well as their decomposition patterns in a regosol soil. J. Soil Sci. Plant Nutr. 20, 367—
379. doi: 10.1007/s42729-019-00117-9

Herrera Paredes, S., and Lebeis, S. L. (2016). Giving back to the community:
microbial mechanisms of plant-soil interactions. Funct. Ecol. 30, 1043-1052. doi:
10.1111/1365-2435.12684

Hobbie, S. E. (1992). Effects of plant species on nutrient cycling. Trends Ecol. Evol. 7,
336-339. doi: 10.1016/0169-5347(92)90126-V

Hobbie, S. E. (2015). Plant species effects on nutrient cycling: revisiting litter
feedbacks. Trends Ecol. Evol. 30 (6), 357-363. doi: 10.1016/j.tree.2015.03.015

Hulme, P. E,, Pysek, P., Jarosik, V., Pergl, J., Schaffner, U., and Vila, M. (2013). Bias
and error in understanding plant invasion impacts. Trends Ecol. Evol. 28, 212-218. doi:
10.1016/j.tree.2012.10.010

Incerti, G., Carteni, F., Cesarano, G., Sarker, T. C., Abd El-Gawad, A. M., D’ascoli, R.,
et al. (2018). Faster N release, but not C loss, from leaf litter of invasives compared to
native species in Mediterranean ecosystems. Front. Plant Sci. 9, 534. doi: 10.3389/
fpls.2018.00534

Isbell, F., Gonzalez, A., Loreau, M., Cowles, J., Diaz, S., Hector, A., et al. (2017).
Linking the influence and dependence of people on biodiversity across scales. Nature
546, 65-72. doi: 10.1038/nature22899

Javed, Q., Sun, J., Rutherford, S., Li, J., Igbal, B., Xiang, Y., et al. (2023). Soil pollution
and the invasion of congener Sphagneticola in crop lands. J. Environ. Manage. 340,
118013. doi: 10.1016/j.jenvman.2023.118013

Keller, A. B., and Phillips, R. P. (2019). Leaf litter decay rates differ between
mycorrhizal groups in temperate, but not tropical, forests. New Phytol. 222, 556-564.
doi: 10.1111/nph.15524

Kohmann, M. M,, Sanchez, J. M., Silveira, M. L., Brandani, C. B., Baldo, A., Borges, B.
M, et al. (2020). Intensification enhances litter carbon and nitrogen decomposition
dynamics in subtropical grazinglands. Agrosystems Geosci. Environ. 3, €20075. doi:
10.1002/agg2.20075

Kuebbing, S. E., Bradford, M. A., and Morrién, E. (2019). The potential for mass ratio
and trait divergence effects to explain idiosyncratic impacts of non-native invasive
plants on carbon mineralization of decomposing leaf litter. Funct. Eco. 33, 1156-71. doi:
10.1111/1365-2435.13316

Kuebbing, S. E., Classen, A. T., and Simberloff, D. (2014). Two co-occurring invasive
woody shrubs alter soil properties and promote subdominant invasive species. J. Appl.
Ecol. 51, 124-133. doi: 10.1111/1365-2664.12161

Lambers, H., Oliveira, R. S., Lambers, H., and Oliveira, R. S. (2019). Role in
ecosystem and global processes: decomposition. Plant Physiol. Ecol., 665-676. doi:
10.1007/978-3-030-29639-1_18

Frontiers in Plant Science

14

10.3389/fpls.2024.1503203

Lecerf, A. (2017). Methods for estimating the effect of litterbag mesh size on
decomposition. Ecol. Model. 362, 65-68. doi: 10.1016/j.ecolmodel.2017.08.011

Liao, C., Peng, R, Luo, Y., Zhou, X., Wu, X,, Fang, C,, et al. (2008). Altered ecosystem
carbon and nitrogen cycles by plant invasion: a meta-analysis. New Phytol. 177, 706—
714. doi: 10.1111/j.1469-8137.2007.02290.x

Lin, D., Pang, M., Fanin, N., Wang, H., Qian, S., Zhao, L., et al. (2019). Correction to:
Fungi participate in driving home-field advantage of litter decomposition in a
subtropical forest. Plant Soil. 444-, 535-536. doi: 10.1007/s11104-019-04210-x

Louvel, B., Cébron, A., and Leyval, C. (2011). Root exudates affect phenanthrene
biodegradation, bacterial community and functional gene expression in sand
microcosms. Int. Biodeter. Biodegr. 65, 947-953. doi: 10.1016/j.ibiod.2011.07.003

Lu, W, Liu, N,, Zhang, Y., Zhou, J,, Guo, Y., and Yang, X. (2017). Impact of
vegetation community on litter decomposition: Evidence from a reciprocal transplant
study with 13 C labeled plant litter. Soil Biol. Biochem. 112, 248-257. doi: 10.1016/
j.s0ilbio.2017.05.014

Luo, Y., Chen, H. Y., and Ruan, H. (2018). Responses of litter decomposition and
nutrient release to N addition: A meta-analysis of terrestrial ecosystems. Appl. Soil Ecol.
128, 35-42. doi: 10.1016/j.apsoil.2018.04.004

Ma, W,, Tang, S., Dengzeng, Z., Zhang, D., Zhang, T., and Ma, X. (2022). Root
exudates contribute to belowground ecosystem hotspots: A review. Front. Microbiol. 13,
937940. doi: 10.3389/fmicb.2022.937940

Macias, F. A., Duran, A. G., and Molinillo, J. M. (2020). Allelopathy: The chemical
language of plants. Prog. Chem. organic Natural products 112, 1-84. doi: 10.1007/978-
3-030-52966-6_1

Macias, F. A., Mejias, F. J., and Molinillo, J. M. (2019). Recent advances in allelopathy
for weed control: from knowledge to applications. Pest Manage. Sci. 75, 2413-2436. doi:
10.1002/ps.5355

Mahla, N., and Mlambo, D. (2019). Influence of two co-occurring invasive plant
species on resident woody species and surface soil properties in Chipinge Safari Area,
Zimbabwe. Tropic. Ecol. 60, 129-139. doi: 10.1007/s42965-019-00016-1

Marchante, E., Marchante, H., Freitas, H., Kjoller, A., and Struwe, S. (2019).
Decomposition of an N-fixing invasive plant compared with a native species:
Consequences for ecosystem. Appl. Soil Ecol. 138, 19-31. doi: 10.1016/
j.apsoil. 2019.02.016

Mariotte, P., Mehrabi, Z., Bezemer, T. M., De Deyn, G. B., Kulmatiski, A., Drigo, B.,
et al. (2018). Plant-soil feedback: bridging natural and agricultural sciences. Trends
Ecol. Evol. 33, 129-142. doi: 10.1016/j.tree.2017.11.005

Marx, M. C., Wood, M., and Jarvis, S. C. (2001). A microplate fluorimetric assay for
the study of enzyme diversity in soils. Soil Biol. Biochem. 33, 1633-1640. doi: 10.1016/
$0038-0717(01)00079-7

Misra, B. B., Das, V., Landi, M., Abenavoli, M., and Araniti, F. (2020). Short-term
effects of the allelochemical umbelliferone on Triticum durum L. metabolism through
GC-MS based untargeted metabolomics. Plant Sci. 298, 110548.

Olson, B. E., and Wallander, R. T. (2002). Effects of invasive forb litter on seed
germination, seedling growth and survival. Basic Appl. Ecol. 3, 309-317. doi: 10.1078/
1439-1791-00127

Pan, L, He, F., Liang, Q., Bo, Y., Lin, X,, Javed, Q., et al. (2023). Allelopathic Effects of
Caffeic Acid and Its Derivatives on Seed Germination and Growth Competitiveness of
Native Plants (Lantana indica) and Invasive Plants (Solidago canadensis). Agriculture
13, 1719. doi: 10.3390/agriculture13091719

Parsons, J. (1962). Soil organic matter. Nature 194, 324-325. doi: 10.1038/194324b0

Pasricha, N. S. (2017). Conservation agriculture effects on dynamics of soil C and N
under climate change scenario. Adv. Agron. 145, 269-312. doi: 10.1016/
bs.agron.2017.05.004

Pellegrini, E., Boscutti, F., Alberti, G., Casolo, V., Contin, M., and De Nobili, M.
(2021). Stand age, degree of encroachment and soil characteristics modulate changes of
C and N cycles in dry grassland soils invaded by the N2-fixing shrub Amorpha
fruticosa. Sci. Total Environ. 792, 148295. doi: 10.1016/j.scitotenv.2021.148295

Pernilla Brinkman, E., van der Putten, W. H., Bakker, E.-J., and Verhoeven, K. J. F.
(2010). Plant-soil feedback: experimental approaches, statistical analyses and ecological
interpretations. J. Ecol. 98, 1063-1073. doi: 10.1111/j.1365-2745.2010.01695.x

Petit-Aldana, J., Rahman, M. M., Parraguirre-Lezama, C., Infante-Cruz, A., and
Romero-Arenas, O. (2019). Litter decomposition process in coffee agroforestry systems.
J. For. Environ. Sci. 35, 121-139.

Pysek, P., Hulme, P. E., Simberloff, D., Bacher, S., Blackburn, T. M., Carlton, J. T.,
et al. (2020). Scientists’ warning on invasive alien species. Biol. Rev. 95, 1511-1534. doi:
10.1111/brv.12627

Qin, Z,, Xie, J.-F., Quan, G.-M., Zhang, J.-E., Mao, D.-]., and Ditommaso, A. (2014).
Impacts of the invasive annual herb Ambrosia artemisiifolia L. @ on soil microbial
carbon source utilization and enzymatic activities. Eur. J. Soil Biol. 60, 58-66. doi:
10.1016/j.¢js0bi.2013.11.007

Raheem, A., Yohanna, P, Li, G.,, Noh, N. ], Igbal, B, Tang, J., et al. (2024).
Unraveling the ecological threads: How invasive alien plants influence soil carbon
dynamics. J. Environ. Manage. 356, 120556. doi: 10.1016/j.jenvman.2024.120556

Reinhart, K. O., and Rinella, M. J. (2016). A common soil handling technique can
generate incorrect estimates of soil biota effects on plants. New Phytol. 210, 786-789.
doi: 10.1111/nph.13822

frontiersin.org


https://doi.org/10.1007/s13593-017-0421-2
https://doi.org/10.1111/j.1365-2745.2010.01781.x
https://doi.org/10.1111/gcb.16107
https://doi.org/10.1111/1365-2664.12733
https://doi.org/10.1111/1365-2435.12589
https://doi.org/10.1111/ele.12590
https://doi.org/10.1016/S0169-5347(00)01861-9
https://doi.org/10.1016/S0169-5347(00)01861-9
https://doi.org/10.1111/gcb.16207
https://doi.org/10.1007/s42729-019-00117-9
https://doi.org/10.1111/1365-2435.12684
https://doi.org/10.1016/0169-5347(92)90126-V
https://doi.org/10.1016/j.tree.2015.03.015
https://doi.org/10.1016/j.tree.2012.10.010
https://doi.org/10.3389/fpls.2018.00534
https://doi.org/10.3389/fpls.2018.00534
https://doi.org/10.1038/nature22899
https://doi.org/10.1016/j.jenvman.2023.118013
https://doi.org/10.1111/nph.15524
https://doi.org/10.1002/agg2.20075
https://doi.org/10.1111/1365-2435.13316
https://doi.org/10.1111/1365-2664.12161
https://doi.org/10.1007/978-3-030-29639-1_18
https://doi.org/10.1016/j.ecolmodel.2017.08.011
https://doi.org/10.1111/j.1469-8137.2007.02290.x
https://doi.org/10.1007/s11104-019-04210-x
https://doi.org/10.1016/j.ibiod.2011.07.003
https://doi.org/10.1016/j.soilbio.2017.05.014
https://doi.org/10.1016/j.soilbio.2017.05.014
https://doi.org/10.1016/j.apsoil.2018.04.004
https://doi.org/10.3389/fmicb.2022.937940
https://doi.org/10.1007/978-3-030-52966-6_1
https://doi.org/10.1007/978-3-030-52966-6_1
https://doi.org/10.1002/ps.5355
https://doi.org/10.1007/s42965-019-00016-1
https://doi.org/10.1016/j.apsoil.2019.02.016
https://doi.org/10.1016/j.apsoil.2019.02.016
https://doi.org/10.1016/j.tree.2017.11.005
https://doi.org/10.1016/S0038-0717(01)00079-7
https://doi.org/10.1016/S0038-0717(01)00079-7
https://doi.org/10.1078/1439-1791-00127
https://doi.org/10.1078/1439-1791-00127
https://doi.org/10.3390/agriculture13091719
https://doi.org/10.1038/194324b0
https://doi.org/10.1016/bs.agron.2017.05.004
https://doi.org/10.1016/bs.agron.2017.05.004
https://doi.org/10.1016/j.scitotenv.2021.148295
https://doi.org/10.1111/j.1365-2745.2010.01695.x
https://doi.org/10.1111/brv.12627
https://doi.org/10.1016/j.ejsobi.2013.11.007
https://doi.org/10.1016/j.jenvman.2024.120556
https://doi.org/10.1111/nph.13822
https://doi.org/10.3389/fpls.2024.1503203
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sun et al.

Ren, Y., Qi, Y., Wang, X,, Duan, X,, and Ye, X. (2024). Effects of microplastics on
litter decomposition in wetland soil. Environ. pollut. 343, 123145. doi: 10.1016/
j.envpol.2023.123145

Ristok, C., Leppert, K. N., Franke, K., Scherer-Lorenzen, M., Niklaus, P. A,
Wessjohann, L. A., et al. (2017). Leaf litter diversity positively affects the
decomposition of plant polyphenols. Plant Soil. 419, 305-317. doi: 10.1007/s11104-
017-3340-8

Santonja, M., Bousquet-Mélou, A., Greff, S., Ormefo, E., and Fernandez, C. (2019).
Allelopathic effects of volatile organic compounds released from Pinus halepensis
needles and roots. Ecol. Evol. 9, 8201-8213. doi: 10.1002/ece3.5390

Scavo, A., Abbate, C., and Mauromicale, G. (2019a). Plant allelochemicals:
Agronomic, nutritional and ecological relevance in the soil system. Plant Soil. 442,
23-48. doi: 10.1007/s11104-019-04190-y

Scavo, A., Restuccia, A., and Mauromicale, G. (2018). “Allelopathy: principles and
basic aspects for agroecosystem control,” in Sustainable agriculture reviews 28: ecology
for agriculture, 47-101. doi: 10.1007/978-3-319-90309-5_2

Souza-Alonso, P., Guisande-Collazo, A., Lechuga-Lago, Y., and Gonzalez, L. (2024).
Changes in decomposition dynamics, soil community function and the growth of
native seedlings under the leaf litter of two invasive plants. Biol. Invasions, 1-20. doi:
10.1007/s10530-024-03405-3

Thiébaut, G., Tarayre, M., and Rodriguez-Pérez, H. (2019). Allelopathic effects of
native versus invasive plants on one major invader. Front. Plant Sci. 10, 854. doi:
10.3389/fpls.2019.00854

Ullah, M. S., Farooque, A. A, Javed, Q., Ullah, I, Bo, Y., Jabran, K., et al. (2024).
Under Biological Invasion: Impacts of litter decomposition mediated by invasive plant
species on soil nutrients and functional growth traits of both invasive and native plant
species. Russ. J. Ecol. 55, 89-100. doi: 10.1134/S1067413624020061

Vahdat, E., Nourbakhsh, F., and Basiri, M. (2011). Lignin content of range plant
residues controls N mineralization in soil. Eur. J. Soil Biol. 47, 243-246. doi: 10.1016/
j.€jsobi.2011.05.001

van der Putten, W. H., Bardgett, R. D, Bever, J. D., Bezemer, T. M., Casper, B. B.,
Fukami, T., et al. (2013). Plant-soil feedbacks: the past, the present and future
challenges. J. Ecol. 101, 265-276. doi: 10.1111/1365-2745.12054

van Kleunen, M., Dawson, W., Schlaepfer, D., Jeschke, J. M., and Fischer, M. (2010).
Are invaders different? A conceptual framework of comparative approaches for
assessing determinants of invasiveness. Ecol Lett. 13 (8), 947-958. doi: 10.1111/
j.1461-0248.2010.01503.x

Veen, G. F. C, Freschet, G. T., Ordonez, A., and Wardle, D. A. (2015). Litter quality
and environmental controls of home-field advantage effects on litter decomposition.
Oikos 124, 187-195. doi: 10.1111/0ik.01374

Veen, G. E., Snoek, B. L., Bakx-Schotman, T., Wardle, D. A., and van der Putten, W.
H. (2019). Relationships between fungal community composition in decomposing leaf
litter and home-field advantage effects. Functl Ecol. 33, 1524-1535. doi: 10.1111/1365-
2435.13351

Vila, M., Espinar, J. L, Hejda, M., Hulme, P. E,, Jarosik, V., Maron, J. L, et al. (2011).
Ecological impacts of invasive alien plants: a meta-analysis of their effects on species,
communities and ecosystems. Ecol. Lett. 14, 702-708. doi: 10.1111/j.1461-0248.2011.01628.x

Wang, S., Wei, M., Wu, B., Cheng, H., and Wang, C. (2020). Combined nitrogen
deposition and Cd stress antagonistically affect the allelopathy of invasive alien species
Canada goldenrod on the cultivated crop lettuce. Sci. Horticul. 261, 108955. doi:
10.1016/j.scienta.2019.108955

Wang, C., Wu, B, and Jiang, K. (2019). Allelopathic effects of Canada goldenrod leaf
extracts on the seed germination and seedling growth of lettuce reinforced under salt
stress. Ecotoxicol 28, 103-116. doi: 10.1007/s10646-018-2004-7

Wardle, D. A., Bardgett, R. D., Klironomos, J. N., Setald, H., van der Putten, W. H,,
and Wall, D. H. (2004). Ecological linkages between aboveground and belowground
biota. Science 304, 1629-1633. doi: 10.1126/science.1094875

Weidenhamer, J. D., Cipollini, D., Morris, K., Gurusinghe, S., and Weston, L. A.
(2023). Ecological realism and rigor in the study of plant-plant allelopathic interactions.
Plant Soil. 489, 1-39. doi: 10.1007/s11104-023-06022-6

Weston, L. A, and Mathesius, U. (2013). Flavonoids: their structure, biosynthesis
and role in the rhizosphere, including allelopathy. J. Chem. Ecol. 39, 283-297. doi:
10.1007/s10886-013-0248-5

Wolfe, E. R, and Ballhorn, D. J. (2020). Do foliar endophytes matter in litter
decomposition? Microorganisms 8, 446. doi: 10.3390/microorganisms8030446

Frontiers in Plant Science

15

10.3389/fpls.2024.1503203

Wu, J., Zhang, H., Cheng, X, and Liu, G. (2023). Nitrogen addition stimulates litter
decomposition rate: From the perspective of the combined effect of soil environment
and litter quality. Soil Biol. Biochem. 179, 108992. doi: 10.1016/j.s0ilbi0.2023.108992

Xu, Y., Chen, X, Ding, L., and Kong, C.-H. (2023). Allelopathy and allelochemicals in
grasslands and forests. Forests 14, 562. doi: 10.3390/f14030562

Yan, J., Wang, L., Hu, Y., Tsang, Y. F., Zhang, Y., Wu, J,, et al. (2018). Plant litter
composition selects different soil microbial structures and in turn drives different litter
decomposition pattern and soil carbon sequestration capability. Geoderma 319, 194-
203. doi: 10.1016/j.geoderma.2018.01.009

Yang, W, Cai, A., Wang, J,, Luo, Y., Cheng, X,, and An, S. (2020). Exotic Spartina
alterniflora Loisel. invasion significantly shifts soil bacterial communities with the
successional gradient of saltmarsh in eastern China. Plant Soil. 449, 97-115. doi:
10.1007/s11104-020-04470-y

Yelenik, S. G., and D’Antonio, C. M. (2013). Self-reinforcing impacts of plant
invasions change over time. Nature 503, 517-520. doi: 10.1038/nature12798

Yuan, Y., Wang, B, Zhang, S., Tang, J., Tu, C, Hu, S,, et al. (2013). Enhanced
allelopathy and competitive ability of invasive plant Solidago canadensis in its
introduced range. J. Plant Ecol. 6, 253-263. doi: 10.1093/jpe/rts033

Yue, K., Garcia-Palacios, P., Parsons, S. A., Yang, W., Peng, Y., Tan, B., et al. (2018).
Assessing the temporal dynamics of aquatic and terrestrial litter decomposition in an
alpine forest. Funct. Ecol. 32, 2464-2475. doi: 10.1111/1365-2435.13143

Zeng, A., Hu, W, Zeng, C,, Sun, Z., and Gao, D. (2020). Litter decomposition and
nutrient dynamics of native species (Cyperus malaccensis) and alien invasive species
(Spartina alterniflora) in a typical subtropical estuary (Min River) in China. Estuar.
Coast. 43, 1873-1883. doi: 10.1007/s12237-020-00744-x

Zhang, P., Li, B, Wu, J., and Hu, S. (2019a). Invasive plants differentially affect soil
biota through litter and rhizosphere pathways: a meta-analysis. Ecol. Lett. 22, 200-210.
doi: 10.1111/ele.13181

Zhang, D., Qi, Q, Tong, S, Wang, X, An, Y., Zhang, M., et al. (2019b). Soil
degradation effects on plant diversity and nutrient in tussock meadow wetlands. J. Soil
Sci. Plant Nutr. 19 (3), 535-544. doi: 10.1007/s42729-019-00052-9

Zhang, P., Neher, D. A, Li, B,, and Wu, J. (2018b). The Impacts of Above- and
Belowground Plant Input on Soil Microbiota: Invasive Spartina alterniflora Versus
Native Phragmites australis. Ecosystems 21, 469-481. doi: 10.1007/s10021-017-0162-8

Zhang, X., Wang, B, and Liu, Z. (2019¢). Impacts of plant secondary metabolites
from conifer litter on the decomposition of Populus purdomii litter. J. Forest. Res. 30,
2237-2245. doi: 10.1007/s11676-018-0766-7

Zhang, X., Ward, B. B,, and Sigman, D. M. (2020e). Global nitrogen cycle: critical
enzymes, organisms, and processes for nitrogen budgets and dynamics. Chem. Rev. 120,
5308-5351. doi: 10.1021/acs.chemrev.9b00613

Zhang, L., Xiaochi, M., Hong, W., Shuwei, L., Siemann, E., and Jianwen, Z. (2016).
Soil respiration and litter decomposition increased following perennial forb invasion
into an annual grassland. Pedosphere 26, 567-576. doi: 10.1016/S1002-0160(15)
60066-2

Zhang, X., Xu, Z, Wu, M,, Qian, X,, Lin, D., Zhang, H., et al. (2019d). Potential
environmental risks of nanopesticides: application of Cu(OH), nanopesticides to soil
mitigates the degradation of neonicotinoid thiacloprid. Environ. Int. 129, 42-50. doi:
10.1016/j.envint.2019.05.022

Zhang, L., Zhang, Y., Zou, J., and Siemann, E. (2014). Decomposition of Phragmites
australis litter retarded by invasive Solidago canadensis in mixtures: an antagonistic
non-additive effect. Sci. Rep. 4, 5488. doi: 10.1038/srep05488

Zhong, S., Xu, Z., Yu, Y., Cheng, H., Wei, M., Wang, S., et al. (2022). Acid deposition
at higher acidity weakens the antagonistic responses during the co-decomposition of
two Asteraceae invasive plants. Ecotox. Environ. Safe. 243, 114012. doi: 10.1016/
j.ecoenv.2022.114012

Zhou, X, and Zhang, Y. (2014). Temporal dynamics of soil oxidative enzyme activity
across a simulated gradient of nitrogen deposition in the Gurbantunggut Desert,
Northwestern China. Geoderma 213, 261-267. doi: 10.1016/j.geoderma.2013.08.030

Zhu, X,, Chen, B., Zhu, L., and Xing, B. (2017b). Effects and mechanisms of biochar-

microbe interactions in soil improvement and pollution remediation: a review. Environ.
pollut. 227, 98-115. doi: 10.1016/j.envpol.2017.04.032

Zhu, X, Jiang, X,, Singh, A. K., Zeng, H., Chen, C, Lu, E,, et al. (2022a). Reduced
litterfall and decomposition alters nutrient cycling following conversion of tropical
natural forests to rubber plantations. Ecol. Indic. 138, 108819. doi: 10.1016/
j.ecolind.2022.108819

frontiersin.org


https://doi.org/10.1016/j.envpol.2023.123145
https://doi.org/10.1016/j.envpol.2023.123145
https://doi.org/10.1007/s11104-017-3340-8
https://doi.org/10.1007/s11104-017-3340-8
https://doi.org/10.1002/ece3.5390
https://doi.org/10.1007/s11104-019-04190-y
https://doi.org/10.1007/978-3-319-90309-5_2
https://doi.org/10.1007/s10530-024-03405-3
https://doi.org/10.3389/fpls.2019.00854
https://doi.org/10.1134/S1067413624020061
https://doi.org/10.1016/j.ejsobi.2011.05.001
https://doi.org/10.1016/j.ejsobi.2011.05.001
https://doi.org/10.1111/1365-2745.12054
https://doi.org/10.1111/j.1461-0248.2010.01503.x
https://doi.org/10.1111/j.1461-0248.2010.01503.x
https://doi.org/10.1111/oik.01374
https://doi.org/10.1111/1365-2435.13351
https://doi.org/10.1111/1365-2435.13351
https://doi.org/10.1111/j.1461-0248.2011.01628.x
https://doi.org/10.1016/j.scienta.2019.108955
https://doi.org/10.1007/s10646-018-2004-7
https://doi.org/10.1126/science.1094875
https://doi.org/10.1007/s11104-023-06022-6
https://doi.org/10.1007/s10886-013-0248-5
https://doi.org/10.3390/microorganisms8030446
https://doi.org/10.1016/j.soilbio.2023.108992
https://doi.org/10.3390/f14030562
https://doi.org/10.1016/j.geoderma.2018.01.009
https://doi.org/10.1007/s11104-020-04470-y
https://doi.org/10.1038/nature12798
https://doi.org/10.1093/jpe/rts033
https://doi.org/10.1111/1365-2435.13143
https://doi.org/10.1007/s12237-020-00744-x
https://doi.org/10.1111/ele.13181
https://doi.org/10.1007/s42729-019-00052-9
https://doi.org/10.1007/s10021-017-0162-8
https://doi.org/10.1007/s11676-018-0766-7
https://doi.org/10.1021/acs.chemrev.9b00613
https://doi.org/10.1016/S1002-0160(15)60066-2
https://doi.org/10.1016/S1002-0160(15)60066-2
https://doi.org/10.1016/j.envint.2019.05.022
https://doi.org/10.1038/srep05488
https://doi.org/10.1016/j.ecoenv.2022.114012
https://doi.org/10.1016/j.ecoenv.2022.114012
https://doi.org/10.1016/j.geoderma.2013.08.030
https://doi.org/10.1016/j.envpol.2017.04.032
https://doi.org/10.1016/j.ecolind.2022.108819
https://doi.org/10.1016/j.ecolind.2022.108819
https://doi.org/10.3389/fpls.2024.1503203
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Early allelopathic input and later nutrient addition mediated by litter decomposition of invasive Solidago canadensis affect native plant and facilitate its invasion
	1 Introduction
	2 Materials and methods
	2.1 Study site
	2.2 Experiment 1: Litterbag experiment
	2.3 Experiment 2: Litter decomposition and allelopathy experiment
	2.4 Experiment 3: Litter feedback experiment
	2.5 Statistical analysis

	3 Results
	3.1 Litter mass remaining
	3.2 Allelopathy and nutrient input
	3.3 Soil enzyme activity
	3.4 Soil feedback
	3.5 Interaction between soil biochemical characteristics and allelochemical analysis

	4 Discussion
	4.1 Litter quality and the soil matrix affect litter decomposition
	4.2 Release of allelochemicals
	4.3 Effects of litter decomposition on the soil C and N cycle
	4.4 Effects of litter on soil feedback

	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


