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Abstract: Wetland plants are essential for ecosystem functions. However, wetland plants in peri-
urban areas have been affected by increased human interference. Hence, analyzing the drivers of
plant diversity could be extremely useful for biodiversity conservation. The main objective was to
investigate the response of plant diversity in wetlands (e.g., plant richness, plant abundance, and
taxonomic distinctness) to the environment in peri-urban areas. The results show that the wetland
area is the most important factor influencing plant diversity in peri-urban areas. Plant richness and
abundance decreased significantly with a decreasing wetland area. The cultivated land decreased the
abundance of native plants and indirectly promoted native plant growth and spread by increasing
the total organic carbon content of the water. Forest encroachment on wetlands significantly reduced
native plant abundance. The effects of soil pH, water body pH, soil organic matter, and slope
on introduced species showed opposite trends to those on native plants. Introduced plants were
significantly more adapted to the land use around the wetland than native plants. The green land
and forest areas promoted the spread of introduced plants. Introduced plants were significantly
less adapted to the physicochemical properties of the soil and water than native species. Humans,
through agricultural cultivation, have caused introduced plants in cultivated lands to escape to
wetlands, resulting in an increase in introduced species. The riparian zone length showed opposite
effects for aquatic and terrestrial plants. Pollution from urbanization and agriculture both positively
and negatively affects aquatic plants. The response of aquatic plants to nutrients in the water was
better than their response to soil nutrients and the response of terrestrial plants to soil nutrients.
Terrestrial plants can better withstand pollution from urbanization and agricultural activities, as well
as the erosion of wetlands from forested and cultivated lands.
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1. Introduction

Wetlands are known as the “kidneys of the Earth” [1] and are essential in ecosystem
services, such as water purification, groundwater recharge, flood control, and shoreline
stabilization [2]. However, since 1700, the global area of natural wetlands has declined by
3.4 million square kilometers [3]. The loss and degradation of wetlands undermine the
ability to provide ecosystem services to humans [4]. Most wetland areas have been reduced
due to strong anthropogenic disturbances, such as deforestation, agricultural expansion,
and urbanization [5]. Plant diversity plays key roles in maintaining wetland functions.
Therefore, understanding the disturbance to plants in urban wetlands is crucial [6].

Urban wetlands are highly anthropogenically influenced ecosystems in urban land-
scapes [7-10], which can lead to an increase in water pollutants and exotic species [11].
Larson et al. [12] sampled vegetation and soils from eight urban wetlands and compared
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them to six forested wetlands, five shrubby wetlands, and seven newly constructed wet-
lands. The results show significantly lower species richness and a higher cover of invasive
species in urban wetlands. Van Wyk et al. [13] demonstrated that stormwater discharges
along urban streams can provide hydrologic conditions for vegetated habitats without
other types of intervention or management. Asongwe et al. [14] sampled urban wetlands
and found that the expansion of urbanization has contaminated wetland soils in the city
of Bamenda, resulting in progressively less wetland plant diversity. King and Hovick [6]
investigated wetland plants along an urban to rural gradient and found that exotic plant
richness and relative abundance were highest in urban sites. Magee et al. [15] surveyed
wetlands in Portland and found that wetlands surrounded by agriculture and commercial,
industrial, and transportation corridors had more introduced species than wetlands sur-
rounded by undeveloped land. Du Toit et al. [16] investigated 14 wetlands and found that
the native plant richness in urban wetlands increased with the wetland area.

The wetland plant diversity along urban to rural gradients has been assessed pre-
viously. Plant diversity in peri-urban areas is an important component of urban diver-
sity [17]. Peri-urban spaces are transitional spaces where urban and rural uses are partially
mixed [18]. According to the intermediate disturbance hypothesis [19], plant richness is
greater in peri-urban areas than in urban or rural areas [20-24]. However, studies on plant
diversity in peri-urban wetlands are relatively infrequent compared to those in terrestrial
systems [18].

Wetlands, while providing services in the expansion of population and urbanization,
are also being destroyed by urbanization. Urbanization has become one of the main factors
contributing to the shrinking wetland area in China. From 1993 to 2003, the wetland
area in Beijing decreased by 110 square kilometers. A total of 56 square kilometers of
wetlands have been converted into arable land, and 35 square kilometers of wetlands have
been converted into construction land, which has been strongly affected by urbanization.
Therefore, it is urgent to investigate the situation of large-scale wetland damage caused by
urbanization [25].

The Chaobai River is one of Beijing’s main water sources. With the rapid development
of Beijing, the agricultural area has decreased, and the construction area has rapidly
increased [26]. The Chaobai River has been affected by human interference, resulting in
poor water quality and a significant increase in the total nitrogen and total phosphorus
content in the water [27].

The purpose of this study was, therefore, to answer the following two questions:

(1) What are the major factors that affect wetland plants in heavily disturbed peri-
urban areas? (2) How do different plants (terrestrial plants, aquatic plants, introduced
plants, and native plants) in the wetland respond to multiple gradients of impact factors?

2. Materials and Methods

The Chaobai River begins in Yanshan, north of the river, and meets with the Yongding
River in the east, with a total length of 458 km. The northern climate type of the Chaobai
River is a temperate continental monsoon climate with a large temperature difference
between winter and summer and an average temperature of —5 °C in January and 25 °C in
July. The Chaobai River is an important ecological corridor connecting the mountains in
the north and the plains in the south, with green land, forests, cultivated land, and towns
mostly located nearby. During the flood season, the vegetation and soil in wetlands have
the function of slowing down flow rates and preserving floods, reducing the harm of floods.
The vegetation of wetlands can also absorb phosphorus elements in water, reduce the chem-
ical content of water, and improve water quality. In recent years, the water resources of the
Chaobai River have been continuously developed for urban construction. The agricultural
and industrial activities in the Chaobai River Basin have significantly increased, resulting
in significant pollution of the river and a significant increase in water eutrophication.

Surveys were conducted in July-August 2020 and July-August 2022. Sixty-eight sites
were established (Figure 1), with six small plots (1 m x 1 m) at each site. Three plots were
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laid out on the river bank and river per site. Survey indicators included plant species,
number of individuals, height, and cover, as well as natural habitat conditions such as
riparian zone length (the distance from the water to the bank), slope, soil pH, and water
pH. The species richness, Shannon-Wiener diversity index, and Simpson’s diversity index
were calculated for the plant diversity of each site. At each site, three sample plots were
randomly established to collect soil samples (0-20 cm) that were taken to the laboratory
for analysis. Water samples were collected in each sample plot and were also taken to the
laboratory for analysis.

Sample

River

0 510 20 30 40
B Kilometers

Figure 1. Sampling sites in the study area.

Concentrated sulfuric acid was added to the water samples after collection in the field,
and the samples were stored in a vehicle refrigerator at a low temperature and were taken
to the laboratory for testing. The total organic carbon was measured by the combustion
catalytic hydroxide method at 680 °C; total phosphorus was measured by inductively
coupled plasma emission spectrometry; and total nitrogen was measured by the flow
injection-naphthalene diamine hydrochloride spectrophotometric method. The sealed soil
samples were taken to the laboratory for testing. Soil organic matter was measured by the
potassium dichromate oxidation—dilution heat method; total nitrogen was measured by the
mixed accelerator ablation-Kaeschner method; and total phosphorus was measured by the
alkali fusion-molybdenum antimony anti-spectrophotometric method (Table 1).
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Table 1. Abbreviations of environmental variables.

Abbreviation Variable
Slope Slope
Length Length of the riparian zone
pHsoil Soil pH
pHwater Water pH
soil C Soil organic matter
soil N Total soil nitrogen
soil P Total soil phosphorus
water C Water organic matter
water N Total water nitrogen
water P Total water phosphorus
conb0 0-50 m construction land area
con100 0-100 m construction land area
con200 0-200 m construction land area
con300 0-300 m construction land area
con500 0-500 m construction land area
gra50 0-50 m green land area
gral00 0-100 m green land area
gra200 0-200 m green land area
gra300 0-300 m green land area
gra500 0-500 m green land area
for50 0-50 m forestland area
for100 0-100 m forestland area
for200 0-200 m forestland area
for300 0-300 m forestland area
for500 0-500 m forestland area
cul50 0-50 m cultivated land area
cul100 0-100 m cultivated land area
cul200 0-200 m cultivated land area
cul300 0-300 m cultivated land area
cul500 0-500 m cultivated land area
wat50 0-50 m wetland area
wat100 0-100 m wetland area
wat200 0-200 m wetland area
wat300 0-300 m wetland area
wat500 0-500 m wetland area

Based on the Beijing land use data with an accuracy of 2.5 m from the 2013 Beijing
Biodiversity Survey (data types were classified as forest, cultivated land, water, green land,
and construction land) and visually corrected by the 2020 Beijing Remote Sensing Image
Map, the land use data near the site locations of 0-50 m, 0-100 m, 0-200 m, 0-300 m, and
0-500 m were extracted (Table 1).

The environmental data were normalized by adding one followed by log-transformation.
Pearson’s R test for statistical correlations between environmental variables was performed
using the vegan package in R [28]. Plant diversity index matrices of the Shannon-Wiener
diversity index and Simpson’s diversity index were constructed. The plant diversity matrix
was subjected to a Mantel test with the matrix of environmental variables [29]. According
to the results of Pearson’s correlation test, to avoid multicollinearity among the factors, the
factors with high correlation effects were excluded.

For plant diversity and environmental variables, generalized linear models (GLMs)
with Poisson distributions were fitted [30,31]. We performed generalized linear multiple
regressions of plant diversity, native plant diversity, introduced plant diversity, terrestrial
plant diversity, and aquatic plant diversity with environmental variables using ordinary
least squares (OLSs). All variables were standardized to a mean of 0 and an SD of 1. A
term addition was performed if significant reductions in Akaike’s information criterion
(AIC) were found. Furthermore, the relative contributions of the environmental variables
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were compared using standardized regression coefficients [32]. All data can be found in
the Supplementary Materials.

3. Results

Plant species in the Chaobai River were mainly herbaceous. A total of 338 plants
species distributed in 70 families were identified in the wetlands. Gramineae and Compositae
were the most represented family, followed by Leguminosae and Polygonaceae. The dominant
species in abundance were Bidens frondose, Polygonum lapathifolium, and Setaria viridis.
Urban wetland flora included invasive species, such as Polygonum lapathifolium, Galinsoga
parviflora, and Erigeron canadensis.

The results of the Mantel test for plant diversity and environmental factors in the
wetlands of the Chaobai River (Figure 2) show that the Shannon-Wiener diversity had
a strong correlation with the total organic carbon content in water (p < 0.05), a weak
correlation with the length of the riparian zone (p < 0.05), and the strongest correlation
with the 0-200 m green land area (p < 0.01). Simpson’s diversity index had the strongest
correlation with the length of the riparian zone (p < 0.05) and weaker correlations with soil
pH and the 0-200 m forest area (p < 0.05).
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Figure 2. Mantel test between plant diversity and environmental factors and correlation test of
environmental factors. The meaning of abbreviations is in Table 1.

According to the correlation test between the environmental factors, the length of the
riparian zone showed a positive correlation with green land area (p < 0.05) and a significant
negative correlation with water pH (p < 0.05), soil organic matter (p < 0.05), and total soil
nitrogen (p < 0.05). Water pH was positively correlated with forest area (p < 0.05) and
negatively correlated with construction land (p < 0.05).

The total soil nitrogen was positively correlated with the construction land area and
negatively correlated with the water area (p < 0.05). The total phosphorus content of water
showed a positive correlation with water area (p < 0.05). The total nitrogen content of water
also showed a positive correlation with water area (p < 0.05). The total organic carbon
content of water showed a negative correlation with the forestland area and a positive
correlation with the green land and cultivated land areas (p < 0.05). Soil organic matter
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showed a negative correlation with the green land area and a positive correlation with the
construction land and forest areas (p < 0.05).

According to the generalized linear regression results of plant richness (Figure 3a), the
plant richness of the Chaobai River in Beijing increased with an increasing wetland area,
riparian zone length, forest area, and cultivated land area and decreased with an increasing
total water organic carbon and total soil phosphorus. The wetland area was the most
dominant influencing factor. Terrestrial plant richness (Figure 3b) was significantly affected
by the wetland area, cultivated land area, forest area, water pH, and riparian zone length;
it increased with an increasing wetland and forest area and decreased with an increasing
riparian zone length. Terrestrial plant richness decreased with an increasing total soil
phosphorus. The factors that affected terrestrial plant richness the most were wetland area
and riparian zone length. Aquatic plant richness (Figure 3c) increased with the wetland
area and total phosphorus content of water and decreased with the total organic carbon
content of water, water pH, and length of the riparian zone. The wetland area and total
organic carbon content of water were the major factors affecting aquatic richness. Native
species richness (Figure 3d) decreased with increases in the total organic carbon, total soil
phosphorus in water, and riparian zone length. The length of the riparian zone was the
main factor affecting the abundance of native species, while the cultivated land area had a
smaller effect on the native plant richness. Introduced plant richness was affected by only
the area of cultivated land (p < 0.05, R? = 0.274), which was a positive effect.

(@) R>=0.263 (b) R>=0.27
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SoilP He- PHwater-| +e— |
Length P e Length- +—e—
~02 _OI, | 0!0 ol_l 0{2 0|.3 04 -02 00 02 04 06
Standardized Mean Standardized Mean
© R*=0.30 ) R>=0.259
Wat200- R — Cul500 L e
Cul500 e For100 | e
For100— e WaterCH —eo—i
Soilp e | SoilP-{ e
PHwater— e PHwater— e
Length o Length— e
-0.2 —OI. 1 0!0 0!1 0!2 0!3 -0.2 —OI. 1 0!0 Ofl 0!2
Standardized Mean Standardized Mean

Figure 3. Generalized linear regression of plant richness (a), aquatic plant richness (b), terrestrial
plant richness (c), and native plant richness (d) with environmental factors.

According to the regression results of native plant abundance with environmental
factors (Figure 4a), the cultivated land area and wetland area were the most important
factors. The increase in the area of cultivated land led to a significant decrease in the
abundance of native plants. The increase in the wetland area led to a significant increase
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in native plant abundance. The total organic carbon in water, total nitrogen in water, total
phosphorus in water, total phosphorus in soil, total organic matter in soil, soil pH, and
water pH positively affected native plant abundance. The forest area and green land area
negatively affected native plant abundance. Introduced plant abundance was influenced
by several environmental factors (Figure 4b). The cultivated land area, wetland area,
forest area, green land area, total nitrogen in water, and riparian zone length positively
affected introduced plants; the total soil phosphorus, soil organic matter, water pH, soil
pH, and slope significantly negatively affected introduced plants. The wetland area was
the most important influencing factor for introduced plant abundance. The land use near
wetlands (Figure 4c) significantly negatively affected plants. Among the effects found,
the negative effect of the cultivated land on plant abundance was the most significant.
However, the green land and forest also seriously negatively affected plant abundance. The
physicochemical properties of water and soil positively affected plant abundance. Aquatic
plant abundance increased with the wetland area and total nitrogen content and total
phosphorus content in water and decreased with the cultivated land area, forested area,
total organic carbon in water, total soil phosphorus, soil pH, and riparian zone length. The
wetland area had the greatest effect on aquatic plant abundance.
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Figure 4. Generalized linear regression of native plant abundance (a), introduced plant abundance
(b), plant abundance (c), and aquatic plant abundance (d) with environmental factors.
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4. Discussion

The findings support the hypothesis that anthropogenic activities create multiple
disturbance gradients in peri-urban areas. Plant richness was significantly affected by
the wetland area. This was to be expected, as urbanization reduces wetland areas and
produces visible damage to wetland plant habitats, leading to a significant reduction in
plant richness. The area of green land and forestland significantly affected the abundance
of wetland plants, a finding similar to that of other studies [33]. This may be due to reduced
sources of propagules from forests and green spaces [34]. The effect of the total phosphorus
content of water on plant abundance was also significant. This result was consistent with
the findings of King (2020) on wetland plants surveyed in Ohio, where changes in plant
abundance were apparently caused by pollutants associated with urbanization.

The forest and green land areas significantly affected plant diversity, a finding that is
consistent with other studies [35-37]. Forests can promote the survival of shade-tolerant
species and inhibit the invasion of faster-growing and shade-intolerant species by maintain-
ing low light levels in the understory [38]. Plant diversity was also affected by soil pH and
total organic carbon in the water. This finding was similar to that of Campion and Venzke
(2011) in a floristic survey of wetlands in Kumasi, where plant diversity was affected by
pollutants. The length of the riparian zone significantly affected plant diversity, probably
because the riparian zone length directly affects the habitat area for terrestrial plants [39].
The greater the length of the riparian zone, the less urbanization the wetland was subjected
to. However, the length of the riparian zone showed an opposite effect for aquatic plants
and terrestrial plants.

A positive effect of wetland area on plant richness was also found in the regression
analysis, confirming that the larger the wetland area, the greater the species richness in peri-
urban wetlands [40]. In peri-urban wetlands with high habitat heterogeneity, introduced
species can escape into the wetland from cultivated lands. Ehrenfeld [41] found that the
level of introduced species invasions in wetlands was due to the proportion of the wetland’s
surroundings that were under residential land use and was an indicator of anthropogenic
activities, such as population density. The reason for the different conclusions may be the
presence of large areas of agricultural land along the Chaobai River as it flows through
the peri-urban area of Beijing, which may have led to introduced species invasions. We
found that introduced plants were more tolerant to urbanization impacts in the Chaobai
River wetland [6,42]. The abundances of introduced plants and native plants were affected
by several factors. Native species were extremely significantly affected by the area of
cultivated land [43], an effect that was more important than the reduction in the wetland
area. Native species were more significantly affected by water pollution than soil pollution.
The increase in the cultivated land area increased the total organic carbon content in water,
which indirectly promoted native species growth and spread. The total nitrogen and
phosphorus in water and soil organic matter promoted native species growth, but the
influence was much smaller than the direct effect from agricultural activities. Native plants
have difficulty adapting to understory environments in wetlands. The analysis of soil pH,
water pH, soil organic matter, and slope showed opposing general trends between native
plants and introduced plants. Introduced plants preferred areas with long riparian zones
and small slopes. Introduced plants were significantly more adapted to the land around the
wetland than native plants, which could promote their spread to green lands and forests
but were significantly less adapted to the physicochemical properties of soil and water in
urban wetlands than native species. Skultety and Matthews [44] suggest that introduced
plants first take root in urban areas and then spread outward. However, we found that
the cultivated land is also a source of introduced plants in peri-urban areas. Chu and
Molano-Flores [45] found that replacement of the cultivated land with urban land increases
plant richness. However, we came to the opposite conclusion, which may be because some
introduced species have invaded the cultivated land in Beijing.

Aquatic plants have been affected by agricultural pollution, which is consistent
with the impacts on the aquatic plant diversity in Mediterranean streams and rivers in
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Greece [46]. Bornette [47] suggested that aquatic plant richness responds to nutrients in
a complex manner and may peak at moderate disturbance levels. In this study, different
trends were found for aquatic plant responses to the total nitrogen in water and to the total
organic carbon and total phosphorus in water. In addition, the response of aquatic plants to
nutrients in the water was better than their response to nutrients in the soil and the response
of terrestrial plants to nutrients in the soil (e.g., phosphorus). This may be because riparian
plants absorb and retain agriculturally polluted effluents to some extent [48]. Terrestrial
plants could resist pollution from agricultural activities and the erosion of forests and
cultivated lands compared to aquatic plants.

Urban wetlands are usually considered to be of poor quality due to high disturbance
levels [49]. In this study, wetland disturbance by several environmental factors was sim-
ilarly found in the Chaobai River wetland in Beijing, resulting in large changes in plant
diversity. In the Chaobai River wetland, both native and introduced species, as well as
aquatic and terrestrial plants, responded differently to environmental factors, and different
plants made different choices under the same environmental influences [50]. However, in
general, the wetland area is the most important factor.

The extent of land use dominated by anthropogenic disturbances that significantly
affected wetland plant communities mainly occurred within 300 m around the wetland,
which was consistent with results from other studies [34]. The effect of human activities
on plants may occur in both direct and indirect ways. Urbanization directly reduces the
area of woodlands and green lands in wetlands, which directly changes plant diversity.
Urbanization also indirectly affects the distribution of wetland plants. Increased human
agricultural activities have led to the infiltration of pollutants from cultivated land into
water [51], which elevated the total carbon content of the water and altered the nutrient
levels of the wetland [52]. This result is consistent with other studies [53].

Since urbanization will continue to increase globally [54], it is important to understand
plant habitats in urban wetlands and the drivers of plant diversity. The impact factors
selected in this study focused on wetland eutrophication caused by urbanization and
agricultural pollution and the possible impacts of land use around wetlands. However,
there may be other environmental factors that have significant but unknown impacts on
wetland plants. In addition, management practices within the wetland by authorities can
lead to hydrologic fluctuations that may also affect the wetland environment and the plants.

In subsequent studies, long-term testing of the Chaobai River wetland in Beijing
should be carried out to include the effects of anthropogenic management practices on
wetlands. The scope of pollutant collection and analysis in wetlands should be increased
to expand the scope of the study for the Chaobai River and to further clarify the effects of
urbanization and agricultural pollution on the wetland environment and wetland plants.

5. Conclusions

The wetland area is the most influential factor on plant diversity in peri-urban wet-
lands. Both introduced and native species were affected by a variety of factors. Native
species were extremely significantly affected by the area of the cultivated land. The increase
in the cultivated land area increased the total organic carbon in water, which indirectly
promoted the growth and spread of native species. The total nitrogen and phosphorus in
water and soil organic matter promoted the growth of native species, but this impact was
much lower than the direct negative effect caused by agriculture. The erosion of wetlands
by forested land significantly reduced native plant abundance. The effects of the soil pH,
water pH, soil organic matter, and slope on introduced species exhibit opposite trends to
those on native species. Introduced species were significantly more adapted to the land use
around the peri-urban wetland than native species.

Pollution from urbanization and agriculture had both positive and negative effects on
aquatic plants. Aquatic plants responded better to nutrients in the water than nutrients
in the soil. Terrestrial plants were better able to resist pollution from urbanization and
agriculture than aquatic plants.
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