& frontiers | Frontiers in

@ Check for updates

OPEN ACCESS

EDITED BY
Zhengmiao Deng,
Chinese Academy of Sciences (CAS), China

REVIEWED BY
Mingzhi Lu,

Northeast Normal University, China
Youzhi Li,

Hunan Agricultural University, China

*CORRESPONDENCE
Zhaosheng Chu
chuzssci@yeah.net

These authors have contributed
equally to this work and share
first authorship

RECEIVED 28 May 2024
AcCEPTED 25 October 2024
PUBLISHED 14 November 2024

CITATION

Zhu F, Yuan J, Hou Z, Guo X, Liao W, Yang S
and Chu Z (2024) Interannual hydrological
changes affect plant communities across
different elevation zones in plateau
lakeshores: insights from Lake Erhai.

Front. Plant Sci. 15:1439772.

doi: 10.3389/fpls.2024.1439772

COPYRIGHT

© 2024 Zhu, Yuan, Hou, Guo, Liao, Yang and
Chu. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums
is permitted, provided the original author(s)
and the copyright owner(s) are credited and
that the original publication in this journal is
cited, in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Plant Science

TvPE Original Research
PUBLISHED 14 November 2024
D01 10.3389/fpls.2024.1439772

Interannual hydrological changes
affect plant communities
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The relationship between wetland water level changes and plant community has
been a research hotspot. However, the gradient changes and critical influencing
factors of plateau lakeshore plants and soils during wet-dry alternation remain
unclear. Here, we studied the variations in plants and soils along the Erhai
lakeshore across three elevation ranges (1965.0-1965.3m, 1965.3-1965.6m,
and 1965.6-1966.4m) during flooding and drought years. Our research aimed
to elucidate the interrelationships and mechanisms among hydrology, soil
properties, and plant dynamics. The results showed that (1) In drought years,
the Shannon-Wiener index of plants significantly decreased across the three
elevation ranges, and other plant diversity indices, biomass, and coverage also
decreased to varying degrees; (2) except for soil pH, soil water (SW) and nutrient
content decreased to varying degrees in the drought year; (3) SW was the primary
factor influencing plant biomass, coverage, and diversity in the 1965.0-1965.3m
and 1965.3-1965.6m ranges; nitrate nitrogen, C/N ratio, total phosphorus were
the primary factors in the 1965.6-1966.4m ranges. The results of structural
equation modeling revealed a significant and strong correlation between SW
and plant biomass, coverage, and soil pH. This suggests that changes in SW
directly impacted plant biomass accumulation, subsequently affecting coverage,
and also played a role in regulating soil pH. This study identified the effects of
hydrological inter-annual changes on plant communities and highlighted SW as a
crucial driver. The strategies proposed in the results protect and improve the
diversity and stability of lake ecosystems in Lake Erhai and other similar lakes.
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1 Introduction

The lakeshore zone, serving as a transition zone between lake and
terrestrial ecosystems, are a hotspot for biodiversity research, but a
sensitive area susceptible to periodic water level changes (Wang et al.,
2022; Zhang et al,, 2015). The lakeshore zone is periodically exposed
to water due to water-level fluctuations, which the typical
hydrological characteristics, so any tiny changes in the hydrological
condition heavily affect the vegetation composition and structures.
Under the dual influence of climate change and human activities,
water level fluctuation varied rapidly and difficultly predicted, posing
a severe challenge to the maintenance of biodiversity in lakeshores
(Fluet-Chouinard et al., 2023; Xiong et al., 2023). Climate change-
induced floods and droughts alter the hydrological conditions of
lakes, thereby affecting the growth ranges of wetland plants (Wan
etal, 2019). In particular, the alternation of dry and wet soil changes
in lakeshores caused by hydrological differences can result in a series
of cascading effects on wetland plants, such as species colonization
and expansion (Crisman et al., 2014), root depth and architecture
(Fan et al, 2017; Zhang et al, 2018), and seed germination rate
(Nishihiro et al.,, 2004; Wang et al., 2023a). Therefore, it has become
more urgent to explore the effects of hydrological conditions on the
plant communities in the lakeshore zone to address the impacts of
climate change and human activities.

The dynamic nature of hydrology frequently serves as a primary
driver in the succession of wetland plant communities, potentially
directly influencing the species composition and structure of the plant
community (Deng et al,, 2014; Sun et al,, 2022). The highest and lowest
water levels in wetlands are critical factors that determine the habitat
range of plant communities (Chapin and Paige, 2013). For example,
different dominant plant species occupy distinct water level ranges,
emergent plants (such as Nelumbo nucifera, Typha orientalis,
Phragmites australis) probably are more adapted to higher water
levels (Qin et al., 2021), while Carex rapidly germinates and grows in
low-water levels (Yuan et al, 2017). Moreover, the diverse habitats
formed under varying water level conditions significantly contribute to
the diversity of wetland plants, with water level fluctuations emerging
as a key influencing factor (Fu et al., 2022; Riis and Hawes, 2002; Thiet,
2002). Influenced by periodic changes in hydrology, the duration and
extent of flooding affect the growth rate and nutrient absorption
efficiency of wetland plants, consequently influencing the
accumulation of plant biomass (Lawniczak et al, 2010; Luo et al,
2016). Favorable hydrological conditions result in higher biomass
accumulation by wetland plants, enhancing the fixation and storage
of carbon in soils (Liu et al, 2015). In summary, although previous
studies have demonstrated that lakeshore plants respond differently to
water level fluctuations, they have primarily focused on single water
level conditions or specific plant communities. There remains a lack of
research on how extreme hydrological events affect plant communities
across different elevation ranges in the lakeshore zone.

The hydrological processes in the lakeshore zone not only shape the
soil environment, but directly influence the transport and enrichment of
soil nutrients (Feng et al., 2020). Firstly, water level fluctuations affect
soil water content and regulate soil pH (Yu et al, 2023). Secondly, the
ecotone hydrological processes alter soil nutrient content by regulating
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nutrient retention time, organic matter accumulation and microbial
community structure (Ren et al., 2022; Sollie and Verhoeven, 2008). For
example, long-term flooded lakeshore, due to nutrient-rich water and
gentle flow, dissolved nutrients are retained after sufficient biochemical
reactions, facilitating nutrient accumulation in the flooded zone (Bernal
et al, 2013; Riicker and Schrautzer, 2010). Conversely, lakeshore at
higher elevations are less susceptible to water level fluctuations, resulting
in relatively limited soil water content (Zhang et al., 2022). Wetland soils
provide essential nutrient support for plant growth, including total
nitrogen, total phosphorus, organic matter, and other components, thus
significantly influencing plant community composition and diversity
(Fan et al, 2019; Ma et al, 2021; Song et al, 2023). However, the
gradient changes and interrelationships between plants and soils in the
lakeshore zones of plateau lakes during wet-dry alternation
remain unclear.

Lake Erhai is one of the nine plateau lakes in the Yunnan Province of
China, with rich biological resources, and is an important ecological
protection area and biodiversity conservation area in China (Chen and
W, 20205 Li et al,, 2018b). In recent years, the Erhai lakeshore zone has
experienced severe ecosystem damage due to the combined effects of lake
eutrophication and human activities (tourism and land use), leading to a
drastic decline in vegetation coverage (Wang et al,, 2023b; Wang et al,,
2015). To restore the damaged lakeshore wetlands of Lake Erhai, optimize
the structure of plant communities and recover plant coverage, a series of
protection, management and ecological construction projects have been
implemented in Lake Erhai since 2017 (Lin et al,, 2020). However, a
comprehensive investigation of the plant communities in the lakeshore
zone is lacking. The water level in Lake Erhai has been artificially regulated
since the construction of hydroelectric power plants in the 1980s. The
water level is low in the summer (May to June) and high in the autumn
(September to November), where the seasonal variation of water level is
opposite to the hydrological rhythm of most natural lakes. In particular, as
the operating water level of Lake Erhai decreased to the legal minimum of
1964.30 m in 2023 (DBAPPG, 2023), it is crucial to explore how this
decrease impacts the structure and diversity of the lakeshore wetland
plant communities.

Therefore, we conducted plant investigations and soil sampling
in the Erhai lakeshore wetlands during both the flooding year
(2022) and the drought year (2023). The main purposes of this
study were to (1) reveal the changes in soil properties, plant
community composition and diversity at different elevations
during two hydrological years; (2) explain the interrelationships
between “hydrological changes - soil properties - plant responses”
under different flooding scenarios. The research results can provide
a theoretical basis for managing water level suitability at the Erhai
lakeshore zone and proposing strategies to protect and improve the
diversity and stability of lake ecosystems.

2 Materials and methods
2.1 Study site

This study was conducted at Lake Erhai (25°36'~25°58" N, 100°
06~100°18’ E), the second largest plateau freshwater lake located in

frontiersin.org


https://doi.org/10.3389/fpls.2024.1439772
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhu et al.

Yunnan Province, China (Figure 1). It is a typical subtropical
Plateau Lake with a total area of 252 km? the lowest operating
water level is 1964.30 m and the highest is 1966.00 m (ie., the
Yellow Sea’s elevation) (Gong et al., 2023). Over the past two
decades, interannual and seasonal water level variations have been
1.0 and 1.2 m, respectively (Wen et al., 2021; Yuan et al., 2024). The
water level plays a crucial role in the biological community and
ecological service function of Lake Erhai, and the regulation of
water level in the lake area is primarily based on precipitation and
the inflow of water from tributaries into the lake (Fu et al., 2013;
Wen et al,, 2021; Yang et al., 2021). In Lake Erhai basin, the slope
overflows are relatively high, the tributaries are numerous but short,
and the rivers and agricultural ditches were the main channel of
terrestrial pollutants, mainly agricultural and rural non-point
source pollution into the lake (Cao et al., 2024; Peng et al.,, 2024).
Water quality in Lake Erhai has been improved significantly with
improved local government management, and now the lake is in a
mesotrophic situation. The region experiences a subtropical
monsoon climate, characterized by an average annual
temperature of 15°C. Precipitation amounts to 870 mm during
the rainy season (May to October) and 170 mm during the dry
season (November to April).

2.2 Field investigation and sampling

Field investigations and soil sampling were conducted in July
2022 and 2023. We selected 58 fixed tree samples (20 x 20 m) along
the entire shoreline of Lake Erhai. Latitude and longitude

10.3389/fpls.2024.1439772

coordinates were recorded using a hand-held GPS locator, and
red rope markers were spray-painted or hung at the four corners of
each sample for reference. Additionally, a Im x 1m herbaceous
plant quadrat was set up at the corners and the center of each tree
sample, and the name, number, coverage, height, and aboveground
biomass of each species were recorded. This study focused on
plants, therefore only measured data within plant quadrats
were used.

After clearing the aboveground biomass in each quadrat, five
soil samples (0-20 cm) were collected by the S-shape sampling
method, mixed into one composite sample for physicochemical
properties analysis (Liu et al., 2018). The aboveground biomass
within each quadrat was weighed after being dried for 48 h at 65°C.
The water surface relative elevation of each sample plot was
measured by a level instrument, and combined with the water
level on the day of the investigation, the elevation of the sample plot
was calculated (Shen et al., 2019).

2.3 Laboratory analyses

All soil samples were transported back to the laboratory. Some
fresh soil was used to determine soil water content (SW), while
another portion was stored at 4°C for the determination of
ammonia nitrogen (NH,"-N) and nitrate nitrogen (NO; -N). The
remaining samples were cold-dried, ground, passed through a 0.149
mm nylon sieve, and then stored for further analyses, including
total phosphorus (TP), total nitrogen (TN), C/N ratio, soil organic
matter (SOM), and pH.
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Determination of soil water content by thermostat drying
method (Zhang et al., 2005). NH,"-N and NO;™-N were extracted
with a KCI solution and then determined by spectrophotometric
methods (UV-1900i). TP according to the molybdenum blue
colorimetric method was measured with a UV/visible
spectrophotometer (UV-1900i) (Lan et al, 2019). Samples were
pre-treated and total nitrogen (TN%) and C/N ratio were measured
by an Elemental Analyzer (Vario Macro Cube, Germany). Soil
organic matter (SOM) determined by potassium dichromate
volumetric method (Ji, 2005). Soil pH was determined using a pH
meter in a 1:2.5 water: soil mixture.

2.4 Data analyses

We used average monthly water level to determine water level
differences for the 2022 and 2023, and regression analyses to test the
relationship between sample plot elevations and flooding days (FD).
The importance value represents the significance of a species within
its community and is utilized to assess its dominance (Hertling and
Lubke, 1999). In our study, species with an importance value of >
0.01 were defined as dominant species and calculated as follows (Lili
et al.,, 2011):

IV = (relative height + relative coverage
+ relative frequency + relative biomass)/4 (1)

Shannon-Wiener index (H), Simpson Index (D), Pielou
Evenness index (E) and Patrick index (R) were used as indicators
of species diversity and were calculated as follows (Strong, 2016):

H = =3 PinP; 2

D=1 -3¢ P} (3)
H

E= e )

R=S 5)

where S is the total number of species (species richness)
recorded in each sample plot and P; corresponds to the relative
abundance of each species.

The 58 sample plots were evenly divided into three ranges (N =
number of sample plots) based on elevation from lowest to highest:
1965.0-1965.3m (N=20), 1965.3-1965.6m (N=20), and 1965.6-
1966.4m (N=18). We used independent samples t-tests and
Mann-Whitney U-tests to assess inter-annual differences in
diversity indices, species richness, biomass, coverage and soil
physicochemical properties across the three elevation ranges. A
redundancy analysis (RDA) was used to explain the multivariate
relationships between plant community characteristics (biomass,
coverage, and diversity indices) and environmental factors
(flooding days and soil physicochemical properties) at three
elevation ranges for two sampling years.

Frontiers in Plant Science

10.3389/fpls.2024.1439772

Structural equation modeling (SEM) was used to explore the
relationships between soil (water content, pH, and nutrients) and
plants (biomass, coverage, and diversity). The first step in SEM
requires developing a conceptual model of factor structure
hypothesis based on a priori and theoretical foundations. Path
coefficients were calculated using maximum likelihood estimation,
and the model was optimized by removing observed variables from
the prior model based on modification indices (Delgado-Baquerizo
etal, 2013; Wei et al., 2013; Zhao et al,, 2017). Key fit indices were
used to confirm the completion of the model fit.

RDA analysis was completed using CANOCO Version 5.0
(Plant Research International, Wageningen, The Netherlands).
SEM model construction and analysis were completed in AMOS
26.0 (IBM SPSS, Inc.). The other statistical analyses were completed
using SPSS 27.0 (SPSS Inc., Chicago, USA).

3 Results
3.1 Hydrological conditions

The seasonal variation in the water level of Lake Erhai exhibited
a unimodal pattern, with lower in summer and higher in winter.
Compared to the January-July average water level (AWL) of
1964.87m from 2018-2021, the AWL was 0.2m higher in 2022,
while it was 0.21m lower in 2023 (Figure 2A). In this study, the total
number of flooding days was calculated for each sample plot during
January-July 2022 and 2023, respectively. The results indicated that
the range of flooding days was 4-116 days in 2022, whereas it
declined to 3-30 days in 2023. Therefore, there was a significant
positive correlation between the elevation of the sample plots and
the flooding days. Within the elevation range of 1965.0-1965.3m,
the flooding days were significantly higher in 2022 compared to
2023; however, the difference gradually decreased with increasing
elevation (Figure 2B).

3.2 Species composition and diversity

A total of 104 species belonging to 38 families and 85 genera
were surveyed for vascular plants in 2022. The plant families with
the largest number of species were Asteraceae (N=19, 18.3%),
Poaceae (N=19, 18.3%), Polygonaceae (N=6, 5.8%), Balsaminaceae
(N=4, 3.8%), and Lamiaceae (N=3, 2.9%). The number of species
declined significantly in 2023, with a total of 89 species from 34
families and 70 genera surveyed. Compared to 2022, the number of
Asteraceae species decreased to 18, Poaceae increased to 20 species,
Balsaminaceae decreased to 1 species, while Polygonaceae and
Lamiaceae remained unchanged.

At the dominant species level, there was inter-annual variability
in the distribution and importance value of herbaceous dominant
species at different elevations (Figure 3). The main dominant
herbaceous species is Alternanthera philoxeroides (IV2022: 0.47 +
0.17; IV2023: 0.39 + 0.22), which is most densely distributed in the
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range of 1965.0-1965.3m. The importance value of hygrophilous
plants such as Paspalum distichum, Hemarthria sibirica, Leersia
hexandra, Capillipedium parviflorum, Bidens tripartita,

Polygonum hydropiper in 2023 was reduced in the range of
1965.0-1965.3m, with these species being less distributed in the
range of 1965.6-1966.4m. In total, the dominant species in the range
1965.0-1965.3m were 13 in 2022 and 9 in 2023; those in the range
1965.3-1965.6m were 13 in 2022 and 11 in 2023; and those in the
range 1965.6-1966.4m were 14 in 2022 and 13 in 2023. The inter-
annual variation of all dominant species importance values is listed

in Appendix Al.

At the diversity index level, each of the four indices showed
varying degrees of decrease across different elevation ranges in 2023
(Figures 4A-D). The Shannon-Wiener index was highest at the
1965.6-1966.4 m, with a significant decrease of 25.76%, and lowest
at the 1965.0-1965.3 m, with a significant decrease of 18.66%.
Similarly, the Simpson index was highest at the 1965.6-1966.4 m,
with a significant decrease of 14.29%, and lowest at the 1965.0-
1965.3 m, with a decrease of 12.90%. Evenness exhibited no
significant decrease across the three elevation ranges. Species
richness changed consistent with the Shannon-Wiener, Simpson,
and Evenness indices, such that the elevation ranges with higher
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species richness also had higher diversity indices. Biomass and
coverage were both highest at 1965.0-1965.3 m, biomass decreased
by 62.85% and coverage decreased by 23.80% in 2023. In summary,
plant diversity was highest, while biomass and coverage were
relatively low at 1965.6-1966.4 m.

3.3 Soil physical - chemical properties

Soil physicochemical properties were significantly changed
during the two hydrologic years, and their variations at different
elevation ranges differed in 2023 (Figure 5). The SW was highest at
the 1965.0-1965.3 m, with a significant decrease of 22.30%, and
lowest at the 1965.6-1966.4 m, with a significant decrease of 18.20%.
Conversely, the pH was highest at the 1965.6-1966.4 m, with a
significant increase of 5.44%, and lowest at the 1965.0-1965.3 m,
with an increase of 3.41%. NH,"-N and NO; -N significantly
decreased across all three elevation ranges. NH,*-N decreased the
most at 1965.3-1965.6 m, by 40.81%; NO; -N decreased the most at
1965.6-1966.4 m, by 76.96%. SOM significantly decreased by
30.45% at 1965.3-1965.6 m, while TP, TN, and the C/N ratio
showed no significant differences across the three elevation
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ranges. In summary, the results indicate that drought significantly
influenced SW, pH, NH,"-N, and NO; -N, while showing no
significant effects on other soil nutrients.

3.4 Relationships between hydrology,
plants and soil

The redundancy analysis ranking results revealed significant
correlations between environmental factors and plant diversity
indices, coverage, biomass, and species richness across the three
elevation ranges. Moreover, the degree of explanation varied among
the different environmental factors (Figure 6; Table 1). At 1965.0-
1965.3m, the first and second principal component axis explained
46.55% and 0.53%, respectively. Among them, SW, TN, SOM and
C/N ratio explained 30.3%, 7.2%, 6.4% and 1.5%, respectively
(Figure 6A). At 1965.3-1965.6m, the first and second principal
component axis explained 32.38% and 0.68%, respectively. Among
them, SW, pH and SOM explained 17.0%, 7.3% and 2.4%,
respectively (Figure 6B). At 1965.6-1966.4m, the first and second
principal component axis explained 47.87% and 0.52%, respectively.
Among them, NO3; -N, C/N ratio, TP and SW explained 17.1%,
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TABLE 1 RDA analysis results of explanatory variables for different
elevation ranges.

% vari- P F
ance explained value ratio

Explanatory

variables

1965.0-1965.3m

SW 30.3 0.002 16.5
N 7.2 0.032 43
SOM 6.4 0.04 4.1
C/N ratio 1.5 0.55 1
NH,"-N 0.4 0.632 0.2
pH 0.3 0.702 0.2
TP 03 0.79 0.2
FD 0.1 0.802 <0.1
1965.3-1965.6m
SW 17 0.008 7.8
pH 7.3 0.062 3.6
SOM 2.4 0.294 1.2
TP 2.1 0.346 1
C/N ratio 1.9 0.298 1
N 1.2 0.426 0.6
NO; -N 0.3 0.71 0.1
NH,"-N <0.1 0.884 <0.1
1965.6-1966.4m
NO; -N 17.1 0.008 7
C/N ratio 8 0.064 4.1
TP 7.1 0.064 33
SW 6.9 0.078 3
N 32 0.208 1.7
SOM 2.5 0.214 1.3
pH 3 0.224 1.6
NH,"-N <0.1 0.852 <0.1

SW, Soil water content; TN, total nitrogen; SOM, soil organic matter; TP, total phosphorus;
FD, flooding days; NH,*-N, ammonia nitrogen; NO;™-N, nitrate nitrogen.

8.0%, 7.1% and 6.9%, respectively (Figure 6C). In summary, SW was
the crucial influencing factor at the 1965.0-1965.3 m and 1965.3-
1965.6 m elevation ranges, whereas soil nutrients were crucial at the
1965.6-1966.4 m.

To further reveal the effects of environmental factors such as
SW and soil nutrients on plant communities, we employed path
analysis of structural equation modeling. The results indicated that
changes in SW significantly impacted plant coverage, biomass, and
soil pH (Figure 7). Specifically, SW exhibited a strong positive
correlation with plant biomass and coverage. This suggests that
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increased levels of soil moisture promote the accumulation of plant
biomass, which directly influences plant coverage. SW exhibited a
strong negative correlation with soil pH, which indicates that
changes in SW had a direct impact on pH. However, SW,
biomass, coverage, soil pH and nutrients had no significant
impact on plant diversity. In summary, SW had a direct impact
on plant biomass, coverage and soil pH, while soil nutrients and
plant diversity may be impacted by other environmental factors.

4 Discussion

Water level fluctuations not only shape the vertical structure of
lakeshore wetland plants, but are also a key factor in maintaining
the structure and composition of plant communities. In the context
of two hydrological years, we studied plant species composition,
diversity, aboveground biomass and soil nutrient content at three
elevation ranges during the peak growth season of plants in the
Erhai lakeshore zone. We aimed to explore the relationship between
“hydrological changes - soil properties - plant responses” and the
potential influence mechanism. The results indicated that changes
in soil water content caused by wet-dry alternation had significant
impacts on plant coverage, biomass and soil pH, and that plant
diversity gradually increased from low to high elevations.

4.1 Influence of flooding on
plant communities

Plant diversity, aboveground biomass and coverage are crucial
indicators for analyzing plant communities during the wet-dry
alternation of lakeshore wetlands. Differences in soil moisture and
nutrients across hydrological gradients create diverse habitats,
providing various niches that facilitate species coexistence. The
niche breadth of lakeshore plants is constrained by flooding, and
long-term flooding affects their resource utilization capabilities and
distribution ranges (Lou et al., 2018). Only species well adapted to
flooding environments can survive, and the resulting homogeneity
reduces interspecies competition (Campbell and Keddy, 2022;
Kercher and Zedler, 2004), leading to lower plant diversity in
low-elevation zones. However, increases in elevation are usually
accompanied by changes in resource competition, with competitive
species employing drought tolerance and efficient nutrient
utilization strategies to dominate (Merlin et al., 2015). These
adaptive strategies not only enhance species viability but also
increase and maintain plant diversity.

The abundance and diversity of wetland plant species decreased
with decreasing elevation under the influence of water level
fluctuations (Zhang et al., 2022), consistent with our research
findings (Figure 4). The study by Qi et al. (2021) also revealed that
the numbers of plant species and diversity indices in long-term and
periodically flooded areas were significantly lower compared to those
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FIGURE 7

Path analysis results for structural equation modeling. The numbers adjacent to the arrows are standardized path coefficients, with significantly
different indicated as ***P < 0.001. Solid and dashed arrows indicate significant and non-significant paths, respectively. SW, soil water content; TN,
total nitrogen; SOM, soil organic matter; TP, total phosphorus; NH,;*-N, ammonia nitrogen. R: species richness; D: Simpson index; H: Shannon-

Wiener index; E: Pielou Evenness index.

in dry areas. Moreover, plant diversity indices and species richness
were significantly reduced during the drought year compared to the
flooding year (Figure 4). Periodic flooding increases soil moisture,
nutrient availability, and seed dispersal range, facilitating niche
expansion for hygrophytes to obtain more resources and
promoting the formation of diverse plant communities (Baschuk
et al, 2012; Dai et al, 2019). Under drought stress, only a few
drought-tolerant species can prevent water loss by decreasing leaf
area and biomass, and seed dispersal is limited, leading to a decrease
in overall plant diversity (Xiong et al,, 2023). Our results proved that
the important values of typical hygrophytes such as Alternanthera
philoxeroides, Leersia hexandra, and Phragmites australis were
reduced under drought stress (Figure 3). Water level fluctuations
are the primary drivers affecting plant coverage and biomass in
wetlands, and hygrophytes tend to respond to drought-induced
survival threats by reducing biomass accumulation and coverage
(Wang et al., 2022; Yuan et al., 2017).

4.2 Influence of flooding on soil
physicochemical properties

Flooding duration is one of the main factors influencing the
physicochemical properties of lakeshore soils, and variations in
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these properties across different elevation ranges can be attributed
to fluctuations in water levels. The higher soil water content in low-
elevation areas is associated with long-term flooding, while the
lower frequency of wet-dry alternation in high-elevation areas
results in lower soil water content (Li et al., 2018a; Li et al., 2016).
Soil water content is higher in the flooding year than in the drought
year (Figure 5A), and this change directly affects soil pH and
nitrogen content. The pH of alkaline soils is negatively correlated
with water content, as moist soils accelerate the dilution of acidic
ions (hydrogen ions), with increased moisture causing soil pH to
tend toward neutrality (Ding et al., 2019). In addition, low moisture
slows the decomposition of soil organic matter, and reduced acid
production leads to a higher soil pH (Li et al., 2022). Our results of
lower soil organic matter in drought year than in flooding year
confirmed this (Figure 5E). Previous studies had indicated that
wetland soil ammonia nitrogen content increased with flooding
time (Hu et al,, 2019), and increasing soil pH accelerated ammonia
nitrogen volatilization and reduced ammonia nitrogen content (Bai
et al., 2005; Rao et al., 1984). The combined effect of reduced soil
water content, plant absorption and nitrification decreases
ammonia nitrogen availability (Swanson et al., 2017), while
nitrate nitrogen is produced through the nitrification process of
ammonia nitrogen. Therefore, ammonia nitrogen content
influences the potential production of nitrate nitrogen. In the
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flooding year, rapid decomposition of organic matter and increased
inputs of nitrogen sources resulted in significantly higher ammonia
and nitrate nitrogen contents in wetland soils than in the drought
year (Shen et al, 2020), which is consistent with our findings
(Figures 5C, D). Therefore, changes in flooding days, soil water
content and pH created a new physicochemical balance of the
wetland soil environment, with soil water content being the most
critical, this conclusion was confirmed by the RDA analysis and
SEM results (Figures 6, 7).

4.3 Plant-soil interaction and critical factor
under different hydrological conditions

Wetland soil exerts a direct and significant impact on plant
growth by providing essential nutrients. At low elevations, higher
soil water content accelerates the solubilization of soil nutrients and
promotes plant root expansion for efficient nutrient uptake, thereby
increasing plant biomass and coverage (Zhang et al., 2022).
Conversely, drought stress inhibits plant root uptake capability
and soil microbial activity, and reduces leaf area, collectively
resulting in decreased plant biomass and coverage (Bogati and
Walczak, 2022; Eziz et al., 2017). The RDA and SEM results
indicated that soil water content was significantly positively
correlated with both plant biomass and coverage, suggesting that
soil moisture directly affects plant growth (Figures 6, 7). Plant litter
is a crucial source of nutrients in wetland soils, and biomass
influences nutrient content levels. On one hand, the
decomposition of high-biomass plants by soil microbial
significantly increases soil nutrient content (Fennessy et al., 2008).
On the other hand, under the influence of hydrological processes,
faster water flow speeds tend to scour away soil nutrients in low-
elevation areas, while in higher elevation areas, nutrients can be
retained after undergoing sufficient physicochemical reactions
(Zhang et al, 2022). Our results suggested that tall herbaceous
plants such as Ageratina adenophora, Symphyotrichum subulatum,
and Erigeron canadensis were the dominant species within the range
of 1965.6-1966.4m, and their higher biomass returned more
nutrients to the soil. Therefore, changes in community
composition and diversity within this elevation range are
primarily constrained by soil nutrients, with a lower explanatory
soil water content (Figure 6C).

Based on these results, we infer that interannual variations in
hydrological processes lead to changes in plant and soil
physicochemical properties at the Erhai lakeshore zone, with soil
water content identified as a critical factor affecting plant biomass,
coverage, and soil pH. Meanwhile, plant diversity along the
lakeshore exhibited a gradual increase from the waterside to
upland areas, attributed to niche differentiation, edge effects, and
soil physicochemical properties (Emery and Ackerly, 2014). These
research results confirmed the close ecological connections and
interactions between “hydrological changes - soil properties - plant
responses” in wetland ecosystems.
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4.4 Management implications

The water level of Lake Erhai is low in summer and high in
autumn, with distinct wet and dry seasons but uneven precipitation
distribution. The rainy season from May to October accounts for more
than 85% of the annual precipitation, while the dry season from
November to April has relatively little precipitation. Since 2004, the
water level of Lake Erhai has been influenced primarily by precipitation
and artificial regulation, and climate change has gradually increased the
time lag between precipitation and water level (Wen et al., 2021). This
change is expected to significantly impact the structure and diversity of
plant communities in the lakeshore zone, posing a challenge for the
ecological protection and restoration of Lake Erhai.

This study demonstrated that low water levels during extreme
drought year significantly decreased plant diversity, biomass, and
coverage in the lakeshore zone. It also revealed that soil water content
is a critical factor affecting plant communities, with significant
differences observed across elevation ranges. Based on the results of
this study and management practice needs, we propose the following
suggestions: 1) Strengthen water level monitoring and management,
and scientifically formulate water level regulation programs to avoid
the impacts of extreme droughts and floods; 2) Conduct vegetation
restoration projects in the lakeshore zone, and target plant species for
planting in different elevation zones; and 3) Implement diversified
vegetation restoration and maintenance, and enhance the adaptability
of plant communities to water level changes by increasing plant
species and optimizing community structure.

5 Conclusion

Under the influence of global warming, regional precipitation
patterns, distribution patterns of wetland ecosystem species, and
productivity will undergo a series of changes. To better understand
the chain reactions of climate change on wetland water levels,
plants, and soil, we studied the characteristics of plant diversity,
coverage, biomass, and soil physicochemical properties across three
elevation ranges of the Erhai lakeshore zone during two
hydrological years. We explored the interrelationships between
“hydrological changes - soil properties - plant responses” under
different flooding scenarios. The study showed that changes in soil
water content significantly affected plants and soils in the lakeshore
zone, with differences in soil-plant relationships across three
elevation ranges. Plant communities at lower elevations were
directly influenced by soil water content, while those at the
highest elevation were influenced by soil nutrients. Plant diversity
increases gradually from low to high elevations, and both plant
diversity and soil physicochemical properties are generally lower in
drought year compared to flooding year. These results profoundly
revealed the significant effects of interannual hydrological
differences on soils and plants in the lakeshore zone, and
provided new insights into the interrelationships between plants
and soils across different hydrological gradients. Our findings
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provide important guidance for developing effective wetland water
level management in response to extreme drought events and offer a
scientific basis for increasing plant diversity in the lakeshore zone.
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