. land

Article

Plant Diversity Response to Environmental Factors in Yellow
River Delta, China

Zhen Xu 120, Rengiang Li 12, Wenjun Dou 3**, Hui Wen 5, Shulin Yu 12, Pan Wang 12, Lehua Ning -2,

Jiaquan Duan !

check for
updates

Citation: Xu, Z.; Li, R.; Dou, W.; Wen,
H.; Yu, S.; Wang, P; Ning, L.; Duan, J.;
Wang, J. Plant Diversity Response to
Environmental Factors in Yellow
River Delta, China. Land 2024, 13, 264.
https://doi.org/10.3390/
1land13030264

Academic Editor: Eusebio Cano

Carmona

Received: 11 January 2024
Revised: 6 February 2024
Accepted: 17 February 2024
Published: 20 February 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Jichun Wang ®

Key Laboratory of Ecosystem Network Observation and Modelling, Institute of Geographic Sciences and

Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China; xuz.20b@igsnrr.ac.cn (Z.X.);

rengiangli@igsnrr.ac.cn (R.L.); yusL.20s@igsnrr.ac.cn (S.Y.); wangpan22@mails.ucas.ac.cn (P.W.);

ninglehua23@mails.ucas.ac.cn (L.N.); duanjiaquan@outlook.com (J.D.)

College of Resources and Environment, University of Chinese Academy of Sciences, Beijing 100049, China

Yantai Coastal Zone Geological Survey Center, China Geological Survey, Yantai 264011, China

Observation and Research Station of Land-Sea Interaction Field in the Yellow River Estuary,

Yantai 264004, China

5 School of Architecture and Urban Planning, Qingdao University of Technology, Qingdao 266033, China;
wenhui@qut.edu.cn (H.W.); wangjichun0814@outlook.com (J.W.)

*  Correspondence: douwenjun@mail.cgs.gov.cn

Abstract: Plant diversity plays a crucial role in maintaining the functionality of a community and
providing essential ecosystem services. Studying the plant diversity and its response to environmental
factors in the Yellow River Delta, China, as a newly formed coastal land, is beneficial for protecting
plant diversity in coastal areas and maintaining ecosystem stability. In this study, 56 sites were
sampled to investigate the diversity of shrubs and herbaceous plant community and its response
to environmental factors. The results indicate that the plants growing in the Yellow River Delta are
predominantly from the Poaceae and Asteraceae families, with dominant communities consisting of
species such as Suaeda salsa, Phragmites australis, Setaria viridis, Imperata cylindrica, and Tamarix chinensis.
The Shannon-Wiener index, Simpson diversity index, and Pielou’s evenness index exhibit average
values of 0.34, 0.21, and 0.25, respectively, within the Yellow River Delta. These values collectively
indicate a low diversity in the vegetation community, reflecting a relatively uncomplicated ecological
structure in this area. Additionally, there were no significant differences in biodiversity indices under
different soil formation times, but under different land cover types, the biodiversity index of cropland
was significantly higher than that of impervious land. Soil salinity index exhibited a significant
negative correlation with plant diversity (R? = 0.279, p < 0.001) in the Yellow River Delta. Moreover,
elevation (R? = 0.247, p < 0.001) and temperature (R* = 0.219, p < 0.001) showed significant positive
effects on plant diversity. Regarding the ecological stoichiometry of plant elements, soil organic
carbon exhibited a negative effect on the biodiversity index, while litter carbon showed a positive
effect. This may be attributed to the unique topographical conditions and soil salinization in the
Yellow River Delta. Our findings provide important references for the sustainable management of
wetlands in the Yellow River Delta under conditions of soil salinization.

Keywords: biodiversity index; plant carbon density; redundancy analysis; soil formation times; soil
salinity index

1. Introduction

Plant diversity, as an integral part of biodiversity, plays a crucial role in maintaining
the functional dynamics of community ecosystem functions and providing ecosystem
services [1,2]. It is essential for the assessment of current species performance and the
prediction of future community composition and also necessary for understanding ecosys-
tem dynamics through in-depth study [3]. Environmental factors, especially climate and
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soil characteristics, have a profound impact on the species distribution of plants, conse-
quently impacting on the plant species diversity [4]. The plant’s own element ecological
stoichiometric factors, such as carbon, nitrogen, and other elements, as nutritional and
structural elements, play a very important role in the cycling and balance of matter and
energy within the ecosystem [5,6]. However, there are relatively few studies on the element
stoichiometric factors of plants themselves, which makes our understanding of the energy
balance of biological systems and its impact on biodiversity still need further exploration.
Numerous studies identified a pronounced positive impact of plant diversity on augment-
ing ecosystem functions and services [7-9]. This positive relationship between biodiversity
and ecosystem function is particularly important in ecological processes, including but not
limited to soil organic carbon, nutrient cycling and storage, and soil fertility [9]. Importantly,
soil fertility establishes a reciprocal relationship with ecosystem productivity, contributing
to a mutually reinforcing cycle [10]. Most current research focuses on the topsoil, because
the content of soil organic carbon in the topsoil is significantly higher than that in the deep
soil, thus promoting the growth of vegetation [8,11,12].

On the flip side, climate assumes a pivotal role in shaping the spatial variation of
large-scale plant diversity [1,13,14]. In regions with abundant rainfall, heat emerges as
the main factor influencing plant diversity, whereas in drought-stressed areas, water and
heat jointly contribute to shaping plant diversity [15]. Furthermore, climate factors show
regularity with the changes of latitude, longitude, and altitude, so many researchers choose
to consider latitude, longitude, and altitude as the factors influencing the spatial variation
of species diversity on a large scale [16-18]. In contrast, soil contains the nutrients required
for plant growth, so the influence of soil properties on plant community and distribution
pattern has always been an important focus of research [19]. In newly developed coastal
areas, plant diversity experiences pronounced influences from climate, soil, water, and
other environmental factors [20]. As the material basis of plant growth, soil plays a key
role in shaping plant distribution pattern and species diversity. Among many soil factors,
soil salinity emerges as one of the most significant elements affecting plant diversity [21].
In recent years, with the continuous intensification of global warming and irrational use
of water and soil resources, the accumulation process of soil surface salt has accelerated,
resulting in a significant decline in ecosystem functions and a decrease in biodiversity [22].
Furthermore, the age of soil also has an impact on ecosystem succession, thus affecting the
change of plant diversity [20,23,24]. Additionally, varying land covers introduce distinct
properties to the underlying surface, consequently exerting some degree of influence on
plant biodiversity [25-27].

Therefore, soil nutrient content, soil formation duration, and land cover have a pro-
found impact on plant growth, development, and distribution. Among them, soil salinity,
as an important soil characteristic, exerts a profound impact on the physiological process
and ecological adaptability of plants in new coastal areas [28]. In conditions of high salinity,
plants may be subjected to physiological stress, which affects their growth rate and survival
ability and ultimately leads to a decrease in the diversity of plant communities within the
ecosystem [5,22]. The Yellow River Delta stands out as the most complete, broadest, and
youngest newly preserved coastal land in China’s warm temperate zone [29]. As a typical
coastal land, it experiences significant influences from both fresh water from the Yellow
River and tidal seawater [30]. In the hundred-year scale, the continuous expansion and
evolution of land from coast to inland also have introduced certain gradient changes in
salinity and water level, resulting in different characteristics and laws of wetland vegetation
types, soil physical and chemical properties, and nutrient elements [31]. However, with
the rapid development of China’s economy and society, the Yellow River Delta wetland,
like most coastal wetlands in the world, is also facing serious degradation [32]. Due to
late land-forming time, unique geographical location, serious soil salinization, shallow
groundwater depth and high salinity, and continuous seawater intrusion, the ecological
environment of the Yellow River Delta is relatively sensitive and fragile [33]. Man-made dis-
turbances such as reclamation, oil exploitation, and coastal engineering construction have
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eroded the original land area, making the vegetation types in the Yellow River Delta tend
to be single, reducing species diversity and resulting in a decline in productivity [20,34].
Predecessors have long paid attention to the possible impact of soil age on the succession
stage of ecosystems in estuarine deltas [20]. Since the Yellow River diverted the Daging
River into the Bohai Sea in 1855, the tail of the Yellow River has changed course many
times, forming a number of subdelta deposits with imbricated compound structure [35].
Vegetation succession and soil succession occur alternately in the coastal ecosystem, and
both are affected by soil formation time and other factors [36]. The difference in soil forma-
tion time brings about the difference in the age of ecosystems [20], which further affects the
vegetation succession process and thus changes the biodiversity. At present, the research
on the Yellow River Delta mainly focuses on the study of geomorphic evolution [37-39],
vegetation change [40,41], and the impact of soil salinization on agriculture [31,42], but
there are few studies on the vegetation biodiversity of the Yellow River Delta and its
relationship with environmental variables.

This study aims to focus on the Yellow River Delta as the research area, examining
the local vegetation diversity. We will calculate key metrics such as the species richness,
Shannon-Wiener index, Simpson diversity index, and Pielou’s evenness index of vegetation
in the Yellow River Delta, then analyze the characteristics of plant diversity, and determine
the impact of various environmental indicators on plant diversity. The primary objective
is to deepen the understanding of the characteristics of plant diversity in this region,
providing a theoretical foundation for the restoration, management, and protection of
plant diversity in the Yellow River Delta region, and to provide a theoretical reference for
effectively harnessing the potential of coastal land in safeguarding plant diversity.

2. Materials and Methods
2.1. Study Area and Soil Formation Age Division

Our research scrutinizes the evolution of the modern Yellow River Delta, which has
been emerging along the shores of Bohai Bay and Laizhou Bay in Shandong Province,
China, since 1855 (Figure 1). The landscape of the Yellow River Delta, characterized as
the most youthful, extensive, and biodiverse fan-shaped land pattern in China’s warm
temperate zone [38], has been shaped by a confluence of influences, including the os-
cillations of the ocean and the Yellow River channel, as well as lateral infiltration of
runoff [43]. Meteorological data from the National Meteorological Information Center of
China (http://data.cma.cn/ (accessed on 31 December 2021)) indicate an average annual
temperature of 13.5 °C and a long-term average annual precipitation of 724.0 mm in the
region from 2000 to 2020.

The predominant natural vegetation consists of halophytes, leading to a landscape
characterized by limited vegetation types, simple structures, and uncomplicated composi-
tions [44]. The prevalent soil types are salinized soil and coastal tidal soil, with the former
containing substantial soluble salts that exert a pronounced inhibitory or toxic effect on
the growth of plant life. The tidal soil primarily originates from sediment deposited by the
Yellow River or impact materials from the Zi River, resulting in an overall low nutrient
content in the soil. Based on the CLCD land use and land cover (LULC) data [45], the
main land cover types in the modern Yellow River Delta are cropland (55.59%), impervious
land (26.06%), water (15.80%), and a small amount of barren land (2.39%). Therefore, the
sampling points in this study are mainly located in cropland, impervious land, and barren
land. And because there is little woodland, where there are trees, they are mostly planted.
Therefore, our research also focuses on the investigation of naturally growing shrubs and
herbaceous vegetation.

Employing Xue’s [46] delineation of lobes within the modern Yellow River Delta as the
foundational framework, this study conducts an in-depth analysis of the developmental
trajectory of different Yellow River Delta lobes across various historical periods, consid-
ering the historical alterations in the course of the Yellow River. Accordingly, the surface
soil development of the Yellow River Delta is categorized into five distinct subperiods:
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1855-1904, 19041929, 1929-1934, 19341976, and 1976 to the present (Figure 1d). The
study consequently explores the nuanced patterns of vegetation diversity across these
delineated subperiods.
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Figure 1. Location and field plots distribution of the study area. (a) Map of China; (b) Location
map of the Yellow River Delta in Shandong; (c) Land cover map of the Yellow River Delta; (d) Soil
formation time map of Yellow River Delta.

2.2. Sampling Design and Field Survey

To ensure the representative nature of the plots, a total of 56 plots, each measuring
20 m x 20 m, were established across the entire study area. In the whole delta area, a
uniform distribution of plots was set up before sampling. However, due to the limitations
of roads and built-up areas, such a uniform distribution of sample plots was not practical.
Therefore, we set up more dense sample sites in the coastal areas and distributed roughly
even sample plots in other places. Within each of these plots, five additional plots measuring
1 m x 1 m were designated for plant and soil sampling, as well as vegetation surveys,
with detailed recordings of the main vegetation species and their coverage in each plot.
We used the species identification software “Xingse3.15” to identify the species in each
quadrat. Three investigators were asked to evaluate the coverage of each species in the
quadrat, and the average results of each investigator were obtained to obtain the coverage
of each species in the quadrat. The quadrat is set in a systematic way, mainly at the four
corners and the center point of the plot (Figure 2). Among these, 34 plots were sampled in
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cropland, 20 in impervious, and 2 in barren land sections. Following the sampling process,
the vario MACRO element analyzer was utilized to analyze the total carbon and total
nitrogen content present in the plant samples.
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Figure 2. Distribution of five 1 m x 1 m quadrats in a 20 m x 20 m plot. (After setting the plot, the

first quadrat was set from the southwest corner of the plot, the second to fourth quadrat records
were set in a clockwise direction, and the fifth quadrat was set at the center point of the plot. The red
circles represent the center of each quadrat.)

In each plot, all herbs within five quadrats were harvested. The water content was
determined by measuring the fresh and dry weights, and the biomass carbon/nitrogen
stocks (measured in trillion grams of carbon per hectare) were calculated by multiplying
the vegetation biomass with the carbon/nitrogen concentration ratio [47]. Subsequently,
the carbon/nitrogen storage values were aggregated from the quadrat scale to the plot
scale to determine the carbon/nitrogen storage of the entire plot.

2.3. Biodiversity Index
2.3.1. Shannon-Wiener Index

The survey parameters for assessing the biodiversity of the vegetation quadrat encom-
passed the determination of herbaceous species richness (S) [48], the composition analysis
of dominant herbaceous species, and the calculation of the average coverage pertaining to
these dominant herbaceous species. Subsequent to the collection of the aforementioned
data, a comprehensive biodiversity index was computed. In this study, the biodiversity
assessment relied on the utilization of the Shannon—-Wiener index(H) [49]. The formula
used for the calculation is as follows:

H=—) Pin(P) (1)

Here, P; denotes the occurrence frequency of the i-th species, and it is also applied to the
following calculation of the biodiversity index.

2.3.2. Simpson Diversity Index

Simpson diversity index is also used to measure the diversity of species in an ecosys-
tem [50]. The calculation formula is as follows:

D=1-Y ()’ @
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2.3.3. Pielou’s Evenness Index

The evenness index is used to measure whether the relative abundance of different
species in an ecosystem is evenly distributed. One common evenness index is Pielou’s
evenness index (E) [51], which is calculated as follows:

H

Here, H is Shannon-Wiener index and S is the number of species.

2.4. Variable Data Source and Analysis Method

Based on previous studies and field investigations, we selected 13 factors to assess
their effects on vegetation diversity in the Yellow River Delta [1,52]. These factors fall
into three main categories: ecological stoichiometry of plant elements, soil properties,
and environmental variables (Table 1). The ecological stoichiometry of plant elements
mainly included above-ground biomass carbon (AGC), litter carbon (LitterC), underground
biomass carbon (BGC), plant root carbon, and total plant nitrogen (TN) collected from
56 plots. Soil properties mainly include soil formation time, 0-5 cm soil organic carbon
density (OCD), and soil salinity index (SI) [53,54]. The soil formation time (SFT) is primarily
based on Xue’s research in 1994 [46], aligned in the ArcGIS 10.5 platform. Soil organic
carbon density data are sourced from global gridded soil information (Soilgrids) at a 250 m
resolution (https:/ /soilgrids.org/ (accessed on 19 October 2023)). Soil salinity index (SI) is
computed on Google Earth Engine (GEE) by dividing the red band by the near-infrared
band and then multiplying the result by 100 (SI = % x 100) [53]. The environmental
variables mainly include latitude and longitude, land cover type (CLCD), temperature (T),
precipitation (Pre), and elevation (DEM). Among them, the latitude (lat) and longitude
(lon) were recorded in the field sample by handheld GPS. The land cover data come from
the annual land cover dataset of China’s provinces, and the latest land cover data of 2020
are selected as the research data [45]. The daily datasets of temperature and precipitation
from 2000 to 2020 were collected from 248 meteorological stations in Shandong Province.
The annual mean values of each station for 21 years were calculated, and then the raster
datasets of temperature and precipitation were obtained by Kriging interpolation on the
ArcGIS 10.5 platform. The elevation is based on the Copernicus DEM GLO-30 dataset on
the GEE platform.

Table 1. Information for environmental factors.

Factors Features Unit Abbr Resolutions Resources
Above-ground biomass carbon Mg/ha AGC -
Ecglogical Litter carbon content Mg/ha LitterC - Field collection and
stoichiometry of lab .
plant elements Below-ground biomass carbon Mg/ha BGC - aboratory testing
Total nitrogen content Mg/ha TN -
Soil formation time Year range SFT - Xue [46]
Soil properties 0-5 cm soil organic carbon density dg/kg OCD 250 m S0ilGrids250m 2.0
Salinity index ) g1 10m Sentinel-2 remote sensing image
data inversion
Longitude Degree lon -
Field GPS recording
Latitude Degree lat -
Annual China Land
Environment Cover Dataset - CLCD 30 m Yang and Huang [45]
variables O
Temperature C T o Meteorological station
0.0035 data i .
Precipitation mm Pre ata nversion

Digital elevation model m DEM 30 m Copernicus DEM GLO-30
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We conducted a differential analysis of plant species diversity indices in the Yellow
River Delta region under different soil formation periods and land cover conditions us-
ing one-way analysis of variance (ANOVA) in SPSS 25.0. In the R 4.2.2 environment,
we employed Spearman analysis to explore the correlation between the aforementioned
influencing factors and biodiversity indices, identifying factors that exhibited significant
correlations [1]. Finally, using redundancy analysis (RDA), we selected the minimal vari-
able set with the maximum explanatory power to more accurately depict the interactive
relationships between biodiversity indices and influencing factors.

3. Results
3.1. Field Survey Results
3.1.1. Vegetation Diversity under Different Soil-Forming Ages

A total of 30 dominant plants in the Yellow River Delta were recorded in our survey,
among which the most frequent plants were Suaeda salsa, Phragmites australis, Setaria viridis,
Imperata cylindrica, and Tamarix chinensis. The average species richness of vegetation in
the study area was 3.60, accompanied by a mean Shannon-Wiener index of 0.34, Simpson
index averaging 0.21, and Pielou’s evenness index averaging 0.25. Suaeda salsa, Phragmites
australis, and other halophytic communities are mainly distributed in the new soil near the
sea. The Yellow River Delta is mainly coastal tidal soil, and the different ages of formation
will lead to some differences in soil properties. In the context of soil formation periods, the
era spanning from 1855 to 1904 exhibited the highest plant diversity, displaying an average
species richness of 5. Conversely, the period from 1976 to the present showed the lowest
plant species diversity, averaging 2.94 (Figure 3a). Regarding the Shannon-Wiener index,
the highest value occurred during the period 1929-1934, with an average of 0.40, while
the lowest Shannon-Wiener index since 1976 averaged 0.30 (Figure 3b). For the Simpson
index, the period of 1904-1929 during soil formation exhibited the highest values with an
average of 0.24, while the period from 1976 to the present had the lowest Simpson index,
averaging 0.18 (Figure 3c). Concerning evenness index, the highest value was observed
from 1904-1929, averaging 0.27, while the period from 1976 to the present had the lowest
evenness index, averaging 0.20 (Figure 3d). Overall, the biodiversity in the Yellow River
Delta region appears to be at a relatively low level. According to the outcomes of one-way
analysis of variance, there were no significant differences (p > 0.05) in various biodiversity
indices among different periods.
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Figure 3. Plant diversity at different soil-forming ages in the Yellow River Delta. (a) Species richness;
(b) Shannon-Wiener index; (c) Simpson diversity index; (d) Pielou’s evenness index.
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3.1.2. Vegetation Diversity under Different Land Cover Types

Vegetation diversity across various land cover types in the Yellow River Delta exhibits
distinct variations. This field mainly contains Phragmites australis, Imperata cylindrica,
and other halophytic and semi-halophytic mixed communities. The impervious water
surface mainly consists of a single community such as alkali pongee and reed. Regarding
species richness, no significant differences were observed among the land cover types
(p > 0.05). Cropland demonstrated a high species richness, averaging 4.09 (Figure 4a). For
the Shannon-Wiener index, Simpson index, and evenness index, farmland consistently
displayed significantly (p < 0.05) higher biodiversity indices compared to impervious
surfaces (Figure 4). Specifically, cropland recorded a high Shannon-Wiener index, averaging
0.42 (Figure 4b). In terms of the Simpson index, cropland also exhibited higher values,
averaging 0.25, while impervious surfaces had lower values, averaging 0.13 (Figure 4c).
Lastly, cropland demonstrated a higher Pielou’s evenness index than impervious surfaces
(Figure 4d). To sum up, these findings underscore the notable disparities in vegetation
diversity across different land cover types in the Yellow River Delta.

6 0.8
a
(a) a (b)
51 a
0.6 b
4 E
» 34 T 0.4 1
2 4
0.2
] 4
0 0.0
Cropland Impervious Cropland Impervious
0.8 A 0.5
a
(©) (d)
0.4
0.6
b
0.3
= 0.4 4 [a)
b
0.2 1
0.2 4
0.1 4
0.0 0.0
Cropland Impervious Cropland Impervious

Figure 4. Plant diversity at different land cover types in the Yellow River Delta. (a) Species richness;
(b) Shannon-Wiener index; (c¢) Simpson diversity index; (d) Pielou’s evenness index.(In statistical
expression, the same letter represented no significant difference in biodiversity index between
two land species (p > 0.05), while different letters represented significant difference in biodiversity
index between two land species (p < 0.05).)

3.2. The Relationships between Impact Factors and Plant Diversity

According to the results of Spearman correlation analysis, our investigation revealed
that the key factors significantly associated with the plant biodiversity index in the Yellow
River Delta include ecological stoichiometric elements of plant composition (AGC, LitterC,
BGC, TN), soil property factors (SFT, OCD, SI), and environmental variables (lon, lat, CLCD,
T, DEM) (Figure 5).
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Figure 5. Spearman analysis of plant diversity index and influencing variables in the Yellow River
Delta. (s—species richness; H—Shannon-Wiener index; D—Simpson index; E—Pielou’s evenness
index; OCD—0-5 cm soil organic carbon density; lon—longitude; lat—latitude; SFT—soil formation
time; CLCD—Annual China Land Cover; AGC—above-ground carbon; BGC—below-ground carbon;
DEM—digital elevation model; SI—salinity index; Pre—precipitation; T—temperature; TN—total
nitrogen content; * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001).

Species richness, Shannon-Wiener index, and Simpson index consistently exhibited
correlation trends with these factors. Species richness was only unrelated to precipitation
but significantly correlated with other selected variables. Shannon-Wiener index, Simpson
index, and evenness index show no significant correlation with latitude and precipitation.
However, it is noteworthy that evenness index is unrelated to the soil formation period.
The remaining variables demonstrate a significant correlation with these diversity indices.

Above-ground carbon and litter carbon exhibit a highly significant positive correlation
with species richness, Shannon-Wiener index, and Simpson index. Conversely, soil organic
carbon density, salinity index, and land cover are highly significantly negatively correlated
with these three biodiversity indices. Notably, as indicated by the gradual increase in
codes for farmland, bare land, and impervious surfaces, farmland exhibits the highest
biodiversity index in comparison to impervious surfaces. Moreover, latitude, soil formation
period, below-ground carbon, elevation, temperature, and total plant nitrogen demonstrate
significant positive correlation with species richness. Similarly, soil formation period,
below-ground carbon, elevation, temperature, and total carbon exhibit a significant positive
correlation with Shannon-Wiener index and Simpson index. Conversely, latitude shows a
significant negative correlation with Shannon-Wiener index and Simpson index.
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Lastly, above-ground carbon, litter carbon, and evenness index exhibit a highly signifi-
cant positive correlation. Below-ground carbon, elevation, temperature, and total carbon
show a significant positive correlation with Pielou’s evenness index. In contrast, soil or-
ganic carbon, latitude, land cover, and SI show a significant negative correlation. Overall,
these factors exert a substantial influence on biodiversity indices.

3.3. Redundancy Analysis of Impact Factors and Plant Diversity

Based on Spearman analysis, we conducted an in-depth exploration employing RDA
to examine the relationship between plant diversity and significant environmental factors
in the Yellow River Delta. Prior to this analysis, a collinearity analysis of the factors was
performed using the VIF analysis method (Table 2), and we identified high collinearity
existing between longitude and latitude, as well as between temperature and precipitation
(VIF > 10). Despite the lack of correlation between longitude and precipitation and the
biodiversity index under Spearman correlation analysis, we opted to conduct RDA after
excluding longitude and precipitation. The subsequent analysis revealed no collinearity
between the remaining factors (Table 3).

Table 2. Collinearity analysis before collinearity factors were removed.

Factors OoCD lon lat SFT CLCD AGC LitterC
VIF 6.17 14.26 29.48 7.41 2.38 1.27 3.74
Factors BGC DEM SI Pre T TN
VIF 2.66 6.42 2.64 21.08 13.29 2.03
Table 3. Collinearity analysis with collinearity factors excluded.
Factors OCD lon SFT CLCD AGC LitterC BGC DEM SI T TN
VIF 5.67 6.41 5.42 2.32 1.26 3.65 2.66 6.38 2.56 3.63 1.96

The RDA revealed that the variance explainable by the constrained axis was 36.56%,
with the first axis alone accounting for 98.94% of the total variance. The cumulative
explanatory rate of the first two axes reached 99.97% of the total variance (Figure 6),
effectively capturing the impact of factors on the biodiversity index. The salinity index
had the most substantial influence on the biodiversity index (Table 4), with an explanatory
rate of 27.9% (p < 0.001), followed by elevation (R? = 0.247, p < 0.001) and temperature
(R? =0.219, p < 0.001). Soil organic carbon and litter carbon also exerted significant effects
on the biodiversity index, with interpretation rates of 16.0% (p = 0.006) and 15.8% (p = 0.010),
respectively. Soil formation age, land cover, and plant total nitrogen similarly showed
significant effects on the biodiversity index (p < 0.05), while other factors did not reach
significance (p > 0.05).

The RDA chart visually illustrates the correlation between different indicators. An
angle >90° between arrows signifies a negative correlation between two factors, whereas an
angle <90° indicates a positive correlation. Specifically, the salinity index (SI) and organic
carbon density (OCD) exhibited a strong negative correlation with the biodiversity index,
while digital elevation model (DEM) and temperature showed a robust positive correlation
with the biodiversity index.
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RDA2

RDA1

Figure 6. RDA of plant diversity index and significant factors in Yellow River Delta.

Table 4. RDA results of plant diversity index and significant factors in Yellow River Delta.

Factors RDA1 RDA2 R2 p
OCD 0.999 0.037 0.160 0.006 **
lon 0.994 —0.109 0.091 0.077
SFT —0.877 0.480 0.116 0.034 *
CLCD 0.905 0.425 0.105 0.047 *
AGC —0.999 —0.053 0.047 0.279
LitterC —0.860 —0.511 0.158 0.010 **
BGC —0.713 —0.701 0.062 0.152
DEM —0.972 0.235 0.247 0.001 ***
S 0.979 —0.206 0.279 0.001 ***
T —0.936 0.353 0.219 0.001 ***
TN —0.527 —0.850 0.108 0.045 *

* indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001.

4. Discussion
4.1. Plant Diversity in the Yellow River Delta

It has been observed that the biodiversity index effectively captures the formation,
distribution, and status of biota in specific regions [55]. In this study, the overall biodiversity
index of the Yellow River Delta was found to be low, indicating a relatively limited and
uneven distribution of plant species. This observation aligns with the results obtained from
the assessment of plant diversity in various parts of the Yellow River Delta [55-57].

In contrast to some inland river wetlands in northwest China, such as the Heihe River
wetland [58], the newly formed coastal lands in the Yellow River Delta exhibit notably
higher species richness in the subhumid areas. Furthermore, in comparison to the Yangtze
River Delta in China [59], the Yellow River Delta demonstrates significantly lower plant
species diversity. This discrepancy is primarily attributed to the Yangtze River basin’s
relatively warm and humid climate, underscoring how changes in climate factors can lead
to variations in the distribution of plant species diversity on a large scale.

Moreover, Suaeda salsa and Phragmites australis are extensively distributed in these re-
gions, underscoring their heightened adaptability to the environment [55,58]. For instance,
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species like salt-tolerant plants exhibit strong resistance to soil salinity, enabling them to
thrive in the high-salt soil environment of nascent coastal lands [60].

4.2. The Effect of Salinity on Vegetation Biodiversity in the Yellow River Delta

The decreasing trend of species diversity index in the Yellow River Delta corresponds
with an increasing salinity index, indicating that a high salinity gradient imposes significant
stress on plants [5]. This stress fosters homogeneity in the plant community structure,
thereby diminishing both the plant community diversity and the overall level of ecosystem
function [21]. Areas with elevated soil salinity predominantly feature Suaeda salsa and
Tamarix chinensis communities, resulting in low vegetation diversity, limited plant species,
and a simplified community structure. The RDA highlights salinity as a crucial limiting
factor for vegetation diversity in this habitat (Figure 6), making high-salt regions conducive
to halophytic vegetation like Suaeda salsa and Tamarix chinensis, contributing to a relatively
impoverished species composition. Conversely, regions with low soil salinity showcase
reed and white grass communities, coexisting with other salt-tolerant vegetation [55]. These
areas exhibit relatively high vegetation diversity and a greater number of plant species.
Consequently, soil salinity emerges as the primary factor influencing vegetation distribution
in the Yellow River Delta, aligning with findings from previous studies by researchers such
as Wenxin Zhang in the Yellow River Delta [55] and Min Zhao in the middle reaches of the
Heihe River [58].

In terms of the evenness index, which reflects the similarity in species richness, a
significant negative correlation with the salinity index is observed in the Yellow River Delta
region. This finding aligns with the research results of Crain et al., indicating a higher
evenness index in areas with lower salt gradients [61]. However, the relationship between
the evenness index and soil salinity has not yielded a consistent conclusion in previous
studies [58,62]. In general, the trend of diversity and richness indices in the Yellow River
Delta remains consistent, suggesting that species diversity is primarily influenced by species
richness, with the evenness index playing a less prominent role [55]. This phenomenon
may be attributed to the salinized environment of newly developed coastal land, leading to
small distribution differences among individual species within the community.

4.3. The Impact of Vegetation Biomass Carbon on Biodiversity in the Yellow River Delta

In our study, we explored the influence of plant litter biomass carbon on vegetation di-
versity, revealing a noteworthy positive relationship. Plant litter biomass carbon is derived
from the conversion of atmospheric carbon dioxide into organic matter by plants through
photosynthesis. As these litters decompose in the humus, they not only release essential
nutrients such as nitrogen and phosphorus, thereby enhancing soil fertility [63], but also
play a pivotal role in promoting the positive growth and development of vegetation [64].

A noteworthy aspect is that the decomposition and accumulation of litter have a sub-
stantial impact on vegetation structure. Elevated levels of litter biomass carbon might lead
to the formation of vegetation layers, fostering increased habitat diversity for plants [65].
This diversity, in turn, fosters the coexistence of various plant species, forming more intri-
cate and diverse vegetation communities. Consequently, this contributes significantly to
the stability and sustainability of the entire ecosystem. However, concerning subsurface
processes, we observed a significant negative correlation between surface soil organic
carbon and vegetation diversity in the Yellow River Delta. Through correlation analysis,
a noteworthy negative correlation between soil organic carbon and vegetation biomass
carbon was identified in the Yellow River Delta. This observation could be attributed to a
complex interplay of factors in the Yellow River Delta [66], including poor soil retention,
prolonged exposure to flowing water, and human disturbance [20,31]. These factors col-
lectively influence soil organism activity and the decomposition rate of litter, resulting in
decreased stability and accumulation of litter carbon in the soil [67].

To further explore the negative correlation between soil organic carbon and vegetation
diversity, additional studies on soil ecosystem dynamics in the Yellow River Delta region
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are essential to unveil the underlying mechanisms. Potential research directions include
investigating changes in soil microbial community structure, implementing strategies to
enhance soil water retention, understanding vegetation adaptability, and exploring ecosys-
tem restoration measures. By thoroughly examining the interactions among these factors,
we can comprehensively grasp the relationship between soil organic carbon and vegetation
diversity, providing a scientific foundation for ecosystem management and conservation.

5. Conclusions

This research conducted a field survey to assess vegetation biodiversity in the Yellow
River Delta. The main factors influencing plant diversity were explored using Spearman
correlation analysis and RDA. Our findings revealed the presence of 30 dominant plant
species in the Yellow River Delta, with the majority belonging to the Gramineae and
Compositae families. The primary dominant communities identified included Suaeda salsa,
Phragmites australis, Setaria viridis, Imperata cylindrica, and Tamarix chinensis.

In the Yellow River Delta region, the average of Shannon-Wiener index, Simpson
diversity index, and Pielou’s evenness index were measured at 0.34, 0.21, and 0.25, re-
spectively, indicating characteristics of a low vegetation community type with a relatively
simple structure. Notably, there was no significant difference in the biodiversity index
under different soil formation ages. However, when considering various land cover types,
the biodiversity index in cropland-covered areas was significantly higher than that under
impervious layer cover.

Through correlation analysis, we identified significant effects of ecological chemical
elements, soil properties, and environmental factors on biodiversity. After conducting
collinearity analysis and excluding insignificant and irrelevant factors, RDA revealed that
the soil salinity index derived from remote sensing played a dominant role in influencing
plant diversity in the Yellow River Delta, displaying a significant negative correlation. This
is attributed to the fact that in salinized soil, only specific vegetation types such as Suaeda
salsa and Tamarix chinensis can adapt and survive. Additionally, elevation and temperature
showed significant positive effects on plant diversity.

On the contrary, we observed opposing effects of soil organic carbon and litter carbon
on vegetation diversity. This discrepancy is primarily due to the impact of factors like
flowing water, human interference, and poor water retention in the Yellow River Delta
region, resulting in increased soil nutrient loss after litter decomposition. Furthermore,
the significant positive correlation between soil organic carbon and the soil salinity in-
dex contributed to relatively low soil organic carbon but rich plant diversity in low-salt
environments.

Consequently, the vegetation structure of the new land in the Yellow River Delta
is significantly influenced by soil salinity, potentially leading to a decline in ecosystem
function. Therefore, implementing proper soil salt management is of paramount importance
for the protection and restoration of the new land in the Yellow River Delta.
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