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Abstract

To promote the restoration and reconstruction of riparian zone ecosystems, this
study investigated the variation patterns of vegetation species composition and
diversity, as well as soil nutrients, under different vegetation types in the Li-
jlang River riparian zone using Pearson correlation coefficient method and re-
dundancy analysis based on typical sample plot surveys. The results showed
that: (1) Plant community structure and species diversity differed significantly
among different vegetation types (gravel beach, grassland, shrub-grassland, and
sparse forestland). With decreasing inundation time, the riparian zone grad-
ually evolved from sporadically distributed herbaceous plant communities to
grass, shrub, and tree plant communities, with vegetation species a-diversity
(Shannon-Wiener index, Pielou index, and Simpson index) and vegetation cov-
erage showing an increasing trend, being lowest in gravel beaches and highest in
sparse forestlands. (2) Soil nutrient contents differed significantly among differ-
ent vegetation types. With decreasing inundation time, soil organic matter con-
tent gradually increased, while soil water content, available nitrogen, available
phosphorus, and readily available potassium showed a trend of initially increas-
ing and then decreasing, with the maximum values of these nutrients mostly
occurring in shrub-grasslands or sparse forestlands, followed by grasslands, and
being lowest in gravel beaches. (3) Correlation and redundancy analysis revealed
that soil available nitrogen, readily available potassium, available phosphorus,
and organic matter were highly significantly positively correlated with various
indicators of vegetation species a-diversity, among which soil available nitrogen
and readily available potassium showed the strongest correlation with vegetation
species diversity. In summary: vegetation species composition and diversity, as
well as soil nutrients, exhibited heterogeneous distribution patterns under dif-
ferent vegetation types in the Lijiang River riparian zone; moderate inundation
was conducive to vegetation community aggregation and promoted soil nutrient
accumulation to some extent; herbaceous plants showed stronger adaptability
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to moderately inundated environments; during the ecological restoration of the
Lijiang River riparian zone, targeted restoration schemes should be designed for
different vegetation type areas, and the relationship between vegetation species
diversity and soil available nutrients should be fully considered.
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Abstract: To promote ecosystem restoration and reconstruction in water-land
ecotones, this study investigated vegetation species composition and diversity,
as well as soil nutrient variation patterns under different vegetation types in
the Li River water-land ecotone using Pearson correlation coefficient and re-
dundancy analysis methods based on typical sample plot surveys. The results
showed that: (1) Plant community structure and species diversity differed signif-
icantly among vegetation types (gravel zone, grass zone, shrub-grass zone, and
sparse forest zone). As submersion duration decreased, the water-land ecotone
gradually evolved from scattered herbaceous communities to mixed grass-shrub-
tree communities, with vegetation species a-diversity (Shannon-Wiener index,
Pielou index, and Simpson index) and vegetation coverage showing an increas-
ing trend—lowest in gravel zones and highest in sparse forest zones. (2) Soil
nutrient content also varied significantly among vegetation types. With decreas-
ing submersion duration, soil organic matter content increased gradually, while
soil water content, available nitrogen, available phosphorus, and available potas-
sium showed a trend of initial increase followed by decrease. Maximum values of
these nutrients occurred primarily in shrub-grass or sparse forest zones, followed
by grass zones, with gravel zones showing the lowest values. (3) Correlation
and redundancy analyses revealed that soil available nitrogen, available potas-
sium, available phosphorus, and organic matter were extremely significantly
positively correlated with vegetation species a-diversity indicators, with soil
available nitrogen and available potassium showing the strongest associations.
In conclusion, vegetation species composition, diversity, and soil nutrients ex-
hibit heterogeneous distribution patterns across different vegetation types in the
Li River water-land ecotone. Moderate submersion facilitates vegetation com-
munity aggregation and promotes soil nutrient accumulation, with herbaceous
plants demonstrating stronger adaptability to moderately submerged environ-
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ments. Ecological restoration efforts in the Li River water-land ecotone should
incorporate targeted restoration plans for different vegetation zones and fully
consider the relationship between vegetation species diversity and soil available
nutrients.

Keywords: vegetation type, plant species diversity, soil nutrient, water-land
ecotone, Li River

Introduction

The water-land ecotone, also known as the riparian zone or riparian buffer, ex-
tends from the lowest water level of a river channel to the area where riverine
influence completely disappears (Naiman & Decamps, 1997). As a transitional
zone between aquatic and terrestrial ecosystems, its unique environmental fac-
tors (seasonal flooding, edge effects, etc.), plant community characteristics, and
ecological processes enable it to play crucial roles in flood regulation, soil erosion
mitigation, pollution purification, and biodiversity maintenance (Yi et al., 2020;
Zheng et al., 2021). In southern China, seasonal rainfall causes substantial wa-
ter level fluctuations in river channels, subjecting water-land ecotone vegetation
to frequent flooding or drought stress. In recent years, increasingly frequent ex-
treme climate events (e.g., extreme droughts and floods) have severely impacted
plant survival and community characteristics in these zones, causing vegetation
destruction and soil nutrient loss that ultimately leads to ecosystem degradation
(Fang et al., 2007). Numerous studies have confirmed that changes in hydro-
logical characteristics are important factors affecting vegetation patterns and
community succession in water-land ecotones, as well as key constraints on soil
nutrient migration and cycling (Huang et al., 2007; McDaniel et al., 2013; Gill et
al., 2018; Yang et al., 2018). Accurate understanding of plant community struc-
ture and soil nutrient variation patterns provides a scientific basis for restoring
degraded water-land ecotone vegetation and reconstructing ecosystems (Capon
& Pettit, 2018; Guo et al., 2021).

Hydrological changes (flood dynamics) create a continuously varying gradient of
submersion environments across the water-land ecotone. This gradient begins
near the riverbed at low elevations where gravel beaches form due to prolonged
submersion and erosion, and extends to higher elevations where riparian forests
are only submerged during flood periods. Importantly, this submersion gradient
exhibits significant differences in submersion duration (frequency), community
species composition, and soil nutrient content (Naiman et al., 2005). Stud-
ies on the Li River water-land ecotone, Sanjiang Plain wetlands, and Three
Gorges Reservoir drawdown zone have all found that plant species and coverage
are closely related to elevation or submersion gradients, with different plants
showing varying tolerance and adaptability to submersion, resulting in hetero-
geneous vegetation distribution patterns where moderate inundation facilitates
plant community aggregation (Shan et al., 2019; Chen et al., 2020). Flow regula-
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tion studies on ten Swedish rivers demonstrated that changes in flow and water
level alter the relative abundance of herbaceous and woody plants, thereby af-
fecting community species composition and diversity (Bejarano et al., 2020).
Changes in river water level or inundation status also affect the spatial distri-
bution and transformation processes of soil physicochemical properties such as
carbon, nitrogen, and phosphorus, with appropriate submersion promoting soil
nutrient accumulation in riparian zones (Li et al., 2018; Qian et al., 2018; Wang
et al., 2019).

The Li River is a rain-fed river with distinct wet and dry seasons, representing
one of the most typical karst river basins in China and worldwide. In recent
years, changes in hydrological characteristics and human disturbances have in-
tensified ecological and environmental problems in the Li River basin, includ-
ing frequent flooding, dry-season water shortages, vegetation degradation, and
exposed water-land ecotones. Vegetation and soil in the Li River water-land
ecotone undergo complex hydrological processes of repeated submersion and
drying, causing significant changes in plant communities and soil properties
that affect ecosystem structure and function (Liang et al., 2016; Chen et al.,
2023). Therefore, understanding the impacts of hydrological processes on plant
communities and soil physicochemical properties is fundamental to water-land
ecotone ecosystem restoration. Current research on the Li River water-land eco-
tone has primarily focused on vegetation species, leaf traits, soil physicochemical
properties and microbial distribution (Li et al., 2013; Liang et al., 2019; Li et
al., 2015; Huang et al., 2019; Wang et al., 2019), vegetation configuration and
restoration (Ren, 2019), and soil enzyme activities (Chen et al., 2023). However,
few studies have examined variation patterns of plant species diversity and soil
nutrients under different vegetation types in water-land ecotones. This study
investigates four vegetation types formed by hydrological processes in the Li
River water-land ecotone to address two scientific questions: (1) What adap-
tive variations occur in plant species composition, diversity, and soil nutrients
across different vegetation types (gravel zone, grass zone, shrub-grass zone, and
sparse forest zone)? (2) Which key soil nutrient factors are significantly cor-
related with plant community species diversity? The results provide scientific
guidance for vegetation restoration and reconstruction, as well as management
and protection of degraded water-land ecotone systems.

1. Study Area Overview

The Li River basin is located in Guilin City, Guangxi, and belongs to the Xijiang
River system of the Pearl River basin (Liu et al., 2003). The basin lies in a
subtropical monsoon humid climate zone with an annual average temperature
of 17-20 °C and annual precipitation of 1,814-1,941 mm. Annual runoff is
abundant but unevenly distributed, with the wet season generally occurring
from March to August (accounting for 80% of annual runoff) and the dry season
from September to February of the following year (Huang et al., 2005). The Li
River basin features typical karst landforms with widespread carbonate rocks;
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the 83 km section from Guilin to Yangshuo represents the most scenic stretch.
The river channel in this section is distributed with sand and gravel. Gravel
beaches in the water-land ecotone near the river channel experience prolonged
erosion and immersion, resulting in thin soil layers with high sand and gravel
content. Sparse forest zones farther from the river channel have deeper soil layers
with relatively lower gravel content. Dominant vegetation includes: trees such as
Pterocarya stenoptera, Cinnamomum burmanni, and Triadica sebifera; shrubs
such as Geum aleppicum and Vitex negundo; and herbs primarily including
Polygonum hydropiper, Cynodon dactylon, and Humulus scandens.

2. Methods
2.1 Sample Plot Setup

The left-side water-land ecotone of the Guilin-Yangshuo Li River section (facing
downstream, the left side is defined as the left water-land ecotone) was selected
as the study area. Ten typical natural landscape water-land ecotone sample
plots with minimal human disturbance were established following principles of
representativeness and typicality, each measuring 200 m x 200 m. Based on
nearly one year of fixed-point observation data and comprehensive consideration
of aboveground vegetation, average annual submersion duration, and relative el-
evation (relative to dry season water level), each plot was further subdivided
into four vegetation types: gravel zone, grass zone, shrub-grass zone, and sparse
forest zone (Li et al., 2013; Wang et al., 2019). Gravel zones contained only scat-
tered herbaceous plants, with average annual submersion duration $ $7 months
and relative elevation $ $0.6 m. Sparse forest zones contained combined tree-
shrub-grass communities, with average annual submersion duration $ $2 months
and relative elevation $ $2.1 m. Soil sand content (0.02-2 mm) in gravel, grass,
shrub-grass, and sparse forest zones was 88.44%, 81.59%, 77.70%, and 74.99%,
respectively. The lateral widths of gravel, grass, and shrub-grass zones were
20-40 m, while sparse forest zones were 50-100 m. Basic characteristics of the
sample plots and different vegetation types are shown in Table 1 and Figure 1
[Figure 1: see original paper].

Vegetation surveys were conducted in each vegetation type during September-
October 2022 (the Li River dry season). In each vegetation type, one 20 m X
20 m quadrat was established away from edge areas to survey tree and shrub
vegetation. At the center point and four corners of each 20 m x 20 m quadrat,
five 1 m x 1 m quadrats were established to survey herbaceous vegetation.
Species composition, height, and coverage of all plants in each quadrat were
recorded, along with latitude, longitude, altitude, aspect, and slope for each
vegetation type. Soil samples were collected from three 1 m x 1 m quadrats
established at two diagonal corners and the center point of each 20 m x 20 m
quadrat.
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2.2 Vegetation Quadrat Survey

Vegetation within quadrats was divided into three layers—tree, shrub, and herb
—for stratified investigation and statistical analysis. The tree layer recorded
species name, height, diameter at breast height (DBH) $ $3 c¢m, and crown
width. The shrub layer recorded species name, cluster number, base diame-
ter, height, crown width, and coverage. The herb layer recorded species name,
cluster number, average coverage, and height. This information was used to
calculate species importance values, species richness, a-diversity indices, and to
assess vegetation coverage.

2.3 Soil Sampling

Within each 1 m x 1 m quadrat, soil was collected from 5-8 locations along
an “S” pattern and mixed to form one composite sample. Due to shallow soil
layers in the Li River water-land ecotone, sampling depth was limited to 0-20
cm. In the laboratory, each soil sample was manually cleared of visible roots
and stones, passed through a 2 mm sieve, mixed thoroughly, and air-dried for
analysis of soil mechanical composition, organic matter, total nitrogen, and
other physicochemical properties. Aluminum boxes were used to collect soil
samples for water content determination. Due to high gravel content in gravel
zones, field-mixed samples were first passed through a 5 mm nylon sieve to
discard larger gravel before being bagged and weighed. After delivery to the
laboratory, each sample was passed through a 2 mm sieve, mixed thoroughly,
and air-dried for physicochemical analysis.

2.4 Soil Measurement Methods

Soil water content (SWC, %) was determined by oven-drying at 105 °C. Soil
pH was measured using the potentiometric method. Soil organic matter (SOM,
g+ kg™!) was determined by potassium dichromate oxidation. Total nitrogen
(TN, g-kg~!) was measured by the Kjeldahl method. Total phosphorus (TP, g+
kg~!) was determined by molybdenum-antimony anti-colorimetry. Total potas-
sium (TK, g-kg™ ') was measured by flame photometry. Available nitrogen
(AN, mg - kg~1) was determined by alkali hydrolysis diffusion. Available phos-
phorus (AP, mg-kg™!) was extracted with sodium bicarbonate and measured by
molybdenum-antimony anti-colorimetry. Available potassium (AK, mg -« kg™!)
was extracted with ammonium acetate and measured by flame photometry.
Each soil sample was measured three times.

Soil mechanical composition was determined by combining sieving and suspen-
sion analysis methods. Particle size ranges were: sand 2-0.05 mm, silt 0.05-
0.002 mm, and clay <0.002 mm (Li et al., 2013).

2.5 Data Calculation and Analysis
(1) Species Importance Value (IV) (Song, 2002):
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For tree and shrub layers:

Relative Abundance + Relative Frequency + Relative Dominance

IV(%) = 3

where Relative Abundance = number of individuals of a species / total number
of individuals of all species; Relative Frequency = number of quadrats where a
species occurs / total occurrences of all species; Relative Dominance = 100 x
basal area at breast height of a species / sum of basal areas of all species.

For herb layer:

Relative Density 4+ Relative Frequency

V(%) = 5

(2) Species Richness (S)

S = Total number of all species occurring in the quadrat

(3) Species a-Diversity (Fang et al., 2004):

Shannon-Wiener diversity index (H ):

S
H =-) PP,
i=1

Pielou evenness index (E):

Simpson dominance index (P):

i=1

where S is total species number in the quadrat, P = N /N, N is the number of
individuals of species i, and N is total individuals in the quadrat.

(4) Vegetation Coverage

Coverage was estimated using a grid visual method: the percentage of vertical
projection area of all vegetation canopies (trees, shrubs, herbs) to total quadrat
area. Each quadrat was divided into 1 m x 1 m grids, with vegetation coverage
visually estimated for each grid and averaged to obtain quadrat coverage.

Data were processed using Excel. One-way ANOVA and Pearson correlation
analysis were performed using R. Redundancy analysis (RDA) of vegetation
species diversity indices and soil nutrient indicators was conducted using the
vegan package in R.
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3. Results

3.1 Plant Species Classification and Composition in the Water-Land
Ecotone

Field survey results identified 95 plant species in the Li River water-land ecotone,
belonging to 45 families and 88 genera, dominated by Poaceae, Asteraceae, Lami-
aceae, and Fabaceae. The flora included 3 fern species, 2 gymnosperm species,
and 90 angiosperm species; 50 herbs, 19 shrubs, 22 trees, and 4 lianas. There
were b aquatic plants, 53 hygrophytic and semi-hygrophytic plants, 3 amphibi-
ous plants, and 34 mesophytic plants. In terms of community types, constructive
species were mainly hygrophytic and semi-hygrophytic species with strong sub-
mersion tolerance, such as Polygonum hydropiper, Cynodon dactylon, Humulus
scandens, Viter negundo, and Pterocarya stenoptera. Numerically, herbs were
absolutely dominant, accounting for 56.84% of total species, while trees and
shrubs accounted for only 23.16% and 20.00%, respectively.

3.2 Species Diversity Variation Across Vegetation Types

Plant species number and composition differed significantly among vegetation
types in the Li River water-land ecotone (Figure 1 and Table 2 ). As submersion
duration decreased, total plant species number increased progressively: gravel
zones had 10 species, grass zones 44, shrub-grass zones 59, and sparse forest
zones 68. Community structure evolved from herbaceous communities to mixed
grass-shrub-tree communities. Gravel zones contained no shrubs or trees, only
scattered herbaceous vegetation dominated by Polygonum hydropiper, Cynodon
dactylon, and Polygonum aviculare. Grass zones contained no trees, with herbs
and shrubs accounting for 90.90% and 9.10% of species, respectively. Both shrub-
grass and sparse forest zones contained all three layers, with sparse forest zones
comprising 54.41% herbs, 20.59% shrubs, and 25% trees. Dominant herb species
in sparse forests were Ozxalis corniculata, Artemisia argyi, and Ozalis corymbosa;
dominant shrubs were Vitex negundo, Geum aleppicum, and Nerium oleander;
and dominant trees were Pterocarya stenoptera, Cinnamomum burmanni, and
Triadica sebifera.

Plant species a-diversity and coverage differed significantly among vegetation
types (Figure 2 [Figure 2: see original paper]). All diversity indices and veg-
etation coverage showed similar patterns, increasing gradually with decreasing
submersion duration, with minimum values in gravel zones, intermediate values
in grass zones, and maximum values in sparse forest zones (not significantly
different from shrub-grass zones). Shannon-Wiener index ranged from 0.135 to
1.734, Pielou index from 0.129 to 0.779, Simpson index from 0.123 to 0.755,
and vegetation coverage from 0.166 to 0.703. These results demonstrate hetero-
geneous distribution patterns in the Li River water-land ecotone, with greater
species diversity, more even composition, and higher coverage as submersion
duration decreases.
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3.3 Soil Nutrient Variation Across Vegetation Types

Soil nutrient content differed significantly among vegetation types in the Li
River water-land ecotone (Table 3 ). With decreasing submersion duration,
soil pH, water content, available nitrogen, available phosphorus, and available
potassium showed initial increases followed by decreases. Except for pH, all
other four indicators reached maximum values in shrub-grass zones: 23.50%
water content, 106.88 mg kg ! available nitrogen, 12.12 mg-kg ! available
phosphorus, and 68.80 mg - kg~! available potassium, with minimum values
in gravel zones (14.13%, 41.69 mg - kg™!, 6.03 mg - kg~!, and 30.67 mg - kg !,
respectively). Organic matter content showed a gradual increasing trend, lowest
in gravel zones and highest in sparse forest zones. Total nitrogen was lowest in
gravel zones (0.93 g+kg~!) but did not differ significantly among the other three
vegetation types. Total phosphorus showed no significant differences across
vegetation types. Overall, soil nutrients exhibited heterogeneous distribution
patterns, with shrub-grass zones having relatively highest nutrient levels, sparse
forest and shrub-grass zones having moderate levels, and gravel zones having
the lowest.

3.4 Correlation Analysis Between Vegetation Species Diversity and
Soil Nutrients

Pearson correlation analysis between vegetation species a-diversity and soil
physicochemical properties (Table 4 ) showed that all diversity indices (Shannon-
Wiener, Pielou, Simpson) and vegetation coverage were extremely significantly
positively correlated with soil available nitrogen, available potassium, available
phosphorus, organic matter, total nitrogen, and water content. Specifically,
Shannon-Wiener, Pielou, Simpson indices, and vegetation coverage were most
closely associated with soil available nitrogen (correlation coefficient R > 0.50),
followed by available potassium (R > 0.40), and less strongly with available
phosphorus and organic matter (R > 0.30). This indicates that soil available ni-
trogen and available potassium have the greatest influence on vegetation species
diversity and coverage, while available phosphorus has a secondary effect.

3.5 Redundancy Analysis Between Vegetation Species Diversity and
Soil Nutrients

Redundancy analysis (RDA) was used to explore the effects of soil nutrient fac-
tors on vegetation species a-diversity (Figure 3 [Figure 3: see original paper]).
Forward selection testing screened out soil nutrient indicators without signifi-
cant correlation to vegetation species diversity. The final analysis revealed that
soil available nitrogen, available potassium, and total phosphorus significantly
affected vegetation species a-diversity indicators and coverage. These three
factors jointly explained 37.99% of plant species diversity variation, with RDA
axis 1 accounting for 34.39% of the explanation. Notably, RDA axis 1 (primarily
explained by available nitrogen and available potassium) was extremely signif-
icantly correlated with vegetation coverage, Pielou index, Simpson index, and
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Shannon-Wiener index. In summary, soil available nitrogen and available potas-
sium are important factors affecting vegetation coverage and species diversity,
evenness, and dominance.

4. Discussion

4.1 Plant Community Species Diversity Response to Submersion Du-
ration

As a transitional region between aquatic and terrestrial ecosystems, water-land
ecotones possess complex, dynamic ecological characteristics (Malanson, 1993).
Periodic hydrological fluctuations serve as the primary disturbance factor, en-
dowing water-land ecotone vegetation with submersion tolerance, rapid growth,
and strong adaptability (Deng et al., 2001). Constructive species in the Li River
water-land ecotone are mainly hygrophytic and semi-hygrophytic plants, consis-
tent with submersion tolerance characteristics. Herbaceous species constitute
the absolute majority (56.84% of total species), while trees and shrubs account
for only 23.16% and 20.00%, respectively. Previous research has shown that
herbaceous plants, as pioneer species in riparian ecosystems, have rapid replace-
ment rates and strong adaptability, often dominating riparian plant community
composition in temperate and subtropical regions (Ling et al., 2023). For exam-
ple, in the upper Tarim River riparian zone in Xinjiang, China, herbs, shrubs,
and trees accounted for 61.5%, 30.8%, and 7.7% of total species, respectively
(Zeng et al., 2019). In the Jialing River riparian zone, grasses, shrubs, and
trees comprised 73.78%, 17.07%, and 4.27% of species, respectively (Shen &
Wu, 2012). In the Colorado River riparian zone in Texas, USA, grasses, shrubs,
and trees accounted for 67.3%, 17.2%, and 15.5% of species, respectively (Nel-
son et al., 2023). In contrast, woody plants dominate riparian vegetation in
tropical regions. For instance, woody plants accounted for 59.8% and 66.1% of
vegetation species in the Nandu River riparian zone in Henan Province, China,
and the Sebangau River riparian zone in Indonesia, respectively, while herbs
comprised only 31.3% and 33.9% (Wang et al., 2013; Lukas et al., 2021). There-
fore, this study confirms that the Li River water-land ecotone is dominated by
hygrophytic and semi-hygrophytic species, with herbaceous plants being most
numerous.

Hydrological disturbance, as a key factor affecting water-land ecotones, creates a
continuously varying hydrological gradient from riverbed to floodplain (Naiman
et al., 2005), with plant community composition and soil physicochemical prop-
erties showing certain spatial patterns (Baattrup-pedersen et al., 2018; Xiu et
al., 2014). This study found significant differences in community structure and
species diversity among vegetation types in the Li River water-land ecotone. As
submersion duration decreased, the ecotone evolved from scattered herbaceous
communities to mixed grass-shrub-tree communities, with vegetation species a-
diversity and coverage increasing gradually—lowest in gravel zones and highest
in sparse forest zones (not significantly different from shrub-grass zones). Previ-
ous studies have shown that different plants have varying submersion tolerance
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and adaptability, creating heterogeneous vegetation distribution patterns across
different water level gradients (Shan et al., 2019). When submersion duration
extends, the number of flood-tolerant annual herbs in riparian zones typically
increases, while woody and perennial herb numbers decrease, ultimately alter-
ing vegetation species composition and diversity (Bejarano et al., 2020). In the
Li River water-land ecotone, gravel zones have an average annual submersion
duration of 8.2 months, with short exposure periods. Most vegetation cannot es-
tablish and survive under long-term waterlogged and hypoxic conditions, result-
ing in only scattered pioneer herbaceous communities of highly flood-tolerant,
short-lived species such as Polygonum hydropiper and Cynodon dactylon, and
the lowest diversity and coverage values. In contrast, shrub-grass and sparse
forest zones have short average annual submersion durations (3.5 months and
1.42 months, respectively), with longer exposure periods more favorable for veg-
etation survival and growth, allowing the establishment of perennial shrubs and
tall trees, greater species diversity, more even composition, and higher cover-
age. Therefore, this study demonstrates heterogeneous distribution patterns of
vegetation species composition and diversity across different vegetation types,
with moderate submersion of 1-3 months potentially facilitating vegetation com-
munity species diversity development, while prolonged submersion hinders com-
munity aggregation. Herbaceous plants show stronger adaptability to riparian
submersion environments.

4.2 Soil Nutrient Response to Submersion Duration

This study found that as submersion duration decreased, soil organic matter
content in different vegetation types showed a gradual increasing trend, lowest
in gravel zones and highest in sparse forest zones. Soil water content, available
nitrogen, available phosphorus, and available potassium showed initial increases
followed by decreases, with minimum values in gravel zones and maximum val-
ues in intermediate shrub-grass zones. Different submersion durations and hy-
drological disturbance levels across the water-land ecotone affect soil structure,
aeration, permeability, and nutrient content (Li et al., 2018; Qian et al., 2018).
Generally, soil organic matter content is determined by the difference between
organic matter input and output. Input occurs mainly through litter and dead
roots, while output occurs primarily through decomposition loss and runoff
erosion (Liang et al., 2019). Across the Li River water-land ecotone, vegetation
species a-diversity and coverage increased gradually with decreasing submersion
duration, transitioning from almost no vegetation cover in gravel zones to multi-
species grass-shrub-tree combinations in sparse forest zones. The presence of
deciduous trees such as Pterocarya stenoptera and Triadica sebifera increased or-
ganic matter input through litter and dead roots. Therefore, soil organic matter
input increased as submersion duration decreased. Meanwhile, gravel zones near
the river channel experienced prolonged submersion, with river water scouring
and eroding soils, causing large organic matter output, while sparse forest zones
farther from the channel experienced less runoff erosion and smaller organic
matter output, ultimately leading to gradually increasing soil organic matter
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content with decreasing submersion duration. Wang et al. (2019) and Wood-
ward et al. (2015) similarly found that soil organic matter content increased
with distance from riverbed to floodplain.

Soil available nutrients are those that can be absorbed and utilized by plants,
most of which are leachable and thus highly susceptible to environmental in-
fluences (Li & Wang, 2016). In this study, gravel zones closest to the river
channel had the longest average annual submersion duration, frequent scouring
and erosion, thin soil layers, high gravel content, and poor water and nutrient re-
tention capacity, resulting in loss of soil moisture and easily leachable nutrients
through surface runoff, and thus the lowest values for water content, available ni-
trogen, available phosphorus, and available potassium. As submersion duration
decreased, reduced soil erosion in shrub-grass zones led to more reasonable soil
particle composition and increased water and nutrient storage capacity. High
diversity and coverage of shrubs and herbs in these zones increased litter in-
put and intercepted animal and plant residues brought by floods, which after
decomposition increased soil available nutrients, resulting in the highest levels
of soil water content and available nutrients. Although sparse forest zones had
high species diversity, their greatest distance from the river channel minimized
river interference, with soil available nutrients derived primarily from vegetation
litter, resulting in lower available nutrient levels than shrub-grass zones. Wang
et al. (2018) studied the interception effects of Li River riparian vegetation on
floating debris, finding that withered grass accounted for 85.32% of four types
of intercepted debris, and that interception capacity followed the order Geum
aleppicum > Flueggea suffruticosa > Pterocarya stenoptera, demonstrating that
shrubs have stronger interception capacity for withered grass and other dead
plant residues than trees. In summary, this study demonstrates heterogeneous
distribution patterns of soil nutrients across different vegetation types, with
moderate submersion having some promotional effect on soil nutrient accumu-
lation.

4.3 Relationship Between Plant Species Diversity and Soil Nutrients

Soil serves as the growth substrate for vegetation, critically affecting plant de-
velopment and profoundly influencing plant ecosystem structure and produc-
tivity. Conversely, vegetation biomass and species diversity also affect soil
structure and nutrient content (Wang et al., 2015). This study found that
vegetation species a-diversity indices and most soil nutrient contents (organic
matter, available nitrogen, available phosphorus, etc.) showed similar varia-
tion patterns along the submersion duration gradient. Correlation analysis re-
vealed that vegetation coverage and species a-diversity indices were extremely
significantly positively correlated with soil available nutrients (available nitro-
gen, available potassium, available phosphorus) and organic matter. Yang et
al. (2021) showed that higher vegetation coverage and species diversity lead to
greater litter and vegetation residue input to the surface, which after decomposi-
tion produces more humus, increasing soil organic matter content. Soil available
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nutrients can be directly absorbed by plants and are water-soluble, thus being
influenced by many factors, with vegetation distribution and species diversity
having significant impacts, making soil available nutrient content more volatile
and responsive (Li & Wang, 2016). Therefore, to a certain extent, vegetation
species diversity in the Li River water-land ecotone can promote accumulation of
soil available nutrients (available nitrogen, available potassium, available phos-
phorus) and organic matter, while increased available nutrients and organic
matter can also enhance vegetation species diversity, stabilizing plant commu-
nities. Redundancy analysis between vegetation species a-diversity indices and
soil nutrients identified available nitrogen and available potassium as important
factors affecting vegetation coverage and Shannon-Wiener diversity, Pielou even-
ness, and Simpson dominance indices. Thus, soil available nutrients (available
nitrogen, available potassium) and organic matter are closely linked to vegeta-
tion species a-diversity, with mutual promotion and co-development. Ecological
restoration of the Li River water-land ecotone should fully consider the relation-
ship between soil available nutrients and vegetation species diversity, adopting
effective measures to increase soil available nitrogen, available potassium, and
organic matter content, improve soil properties, and enhance vegetation commu-
nity species diversity and stability for healthier, more stable riparian ecosystem
development.

5. Implications for Water-Land Ecotone Ecosystem
Restoration

Based on this study of plant and soil variation patterns across different vegeta-
tion types in the Li River water-land ecotone, several implications for ecosystem
restoration emerge. First, vegetation is a crucial component of water-land eco-
tones. Understanding plant community variation patterns helps identify which
species are better suited for specific hydrological conditions and enables mea-
sures to protect and restore vegetation species diversity. Restoration efforts
should consider planting native species to enhance ecosystem stability. Second,
hydrological disturbance affects soil properties and structure, such as moisture
and organic matter, which in turn influence vegetation growth and soil biologi-
cal activity. Therefore, restoration must fully consider hydrological impacts on
soil and improve soil environments to promote vegetation recovery and stability.
Third, water-land ecotone vegetation and soil change with hydrological condi-
tions, necessitating long-term monitoring and assessment mechanisms during
ecological restoration to timely understand conditions and adjust restoration
measures based on monitoring results. Finally, water-land ecotone ecosystems
are dynamic systems influenced by multiple factors including climate, hydrology,
soil, and biology. Restoration requires adaptive management strategies that ad-
just and optimize measures according to ecosystem changes to improve stability
and health. In summary, we must fully recognize the importance of water-land
ecotone vegetation, soil, and hydrological disturbance in riparian ecosystems
and adopt effective measures to protect and restore these systems to enhance
their health, balance, and stability.
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