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Abstract. Rapid urbanization has changed urban ecological environments and affected local biodiversity.
An analysis of the existing literature examining changes in urban biodiversity may help with urban planning
and biodiversity conservation. The present paper analysed the dynamic change of plant diversity in
Hangzhou over the past four decades of rapid urbanization. It was found that although the number of plant
species increased from 1,565 in 1981 to 1,799 in 2020, 101 plant species were lost. At the same time, 18
invasive species of plants and 52 ornamental plant species were acquired, with the largest increase observed
in perennial herbs as a result of urban greening. A comparison of the respective Ellenberg’s Indicator Values
(EIV) of lost and acquired species reveals a larger increase in the number of species for sun plants than for
shade plants. The latter did not increase with the rapid increase in urban green areas. A significant increase
in the number of thermophilous plant species was observed, which is closely related to global warming and
the heat island effect in cities. The number of aquatic plants also increased due to urban wetland
landscaping. Prioritizing land conservation in urban planning is more conducive to producing and
maintaining stable urban ecosystems and practicing sustainable urban development.

Keywords: plant diversity, Ellenberg’s Indicator Value, ecotype, acquired species, endangered plant,
urban ecosystems, urban planning

Introduction

Urban areas are the ecosystems that have been subjected to the highest degree of
control by humankind (Grimm et al., 2000); its ecological processes are controlled by the
complex interaction of both social-economic factors and natural environmental factors
(Kaye et al., 2006), of which human designs and activities have substantially changed
localized settings. This is particularly true in recent decades when rapid urbanization has
led to significant changes in urban environments. Such indicators of change include the
high concentrations of gaseous, granular and photochemical pollutants in the air (Zhang
et al., 2012), impaired descent of water due to ground hardening (Vico et al., 2013), soil
compaction (Bijoor et al., 2012), high concentrations of heavy metals in soil (Chen et al.,
2013), habitat fragmentation (Angold et al., 2006), nitrogen deposition, the urban heat
island effect, high concentrations of CO. (Lovett et al., 2000; Gregg et al., 2003;
Loughner et al., 2012), and human interventions (Niinemets et al., 2008), amongst others.
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As a result, urban flora has evolved, with significant dynamic changes found in plant
diversity (Pickett et al., 2001; Sukopp, 2002; McKinney, 2006; Kowarik, 2011).

Urbanization is a long process, during which urban plants may gradually develop
characteristics that allow them to adapt to their environment. Therefore, an analysis of
changes in urban plant diversity in different periods will inform our understanding of the
relationship between urbanization and the change in floristic composition, and the driving
forces behind the change in floristic composition. This study will be helpful for urban
development and planning. There have been studies in Europe investigating urban
changes in floristic composition over long periods of time (Landolt, 2000; Kent et al.,
2001; Chocholouskova and Pysek, 2003; Sal’nikov and Pilipenko, 2005; Lososova and
Simonova, 2008). One study of plant changes in Brussels conducted over 50 years
(Godefroid, 2001) found that although the number of plant species had not changed
significantly, the number of alien species had increased significantly. Human activities
have changed the distribution area of many plant species; for instance, some species
growing on farmlands and woodlands or in swamps either decreased or disappeared
altogether. One piece of research on plant changes in Frankfurt over a period of 200 years
showed that the number of species is decreasing as urbanization increases. The most
important driving forces behind species loss are the use of fertilizers and herbicides, the
abandonment of woodlands and pastures, and the destruction of wetlands. Any plant
species that have increased are typically introduced due to the ornamental function of
gardens (Gregor et al., 2012). Although there have been studies on the plant change
response to urbanization, not all such studies are comprehensive and the historical plant
data collected in these studies are not complete for various reasons (Sudnik-
Wojcikowska, 1987). Very few relevant studies can be found outside Europe as there is
a lack of historical data available and only a small number of cities have historical records
of their flora. This has led to difficulties in studying urban plant diversity over longer time
periods. This is particularly so in China, which lacks systematic and complete data
historical records on urban plants. China is currently in the midst of rapid urbanization,
with its urban plant diversity having already changed in terms of composition and
function. An in-depth understanding of the influence of rapid urbanization on urban plant
diversity may have referential value for the future of urban planning and regional
development.

Ellenberg indicator values (EIV) record the adaptation for all plants in Western Central
Europe on a scale of 1-9 based on seven ecological factors: light, temperature, moisture,
soil reaction, soil fertility, continentality, and salinity. These values are widely used to
describe trends in the changing ecological adaptability of plants in the urban areas of
Central Europe (Godefroid, 2001; Gregor et al., 2012; Domina et al., 2018; Salinitro et
al., 2019). Based on the study of plant diversity changes in some cities in this region, it is
found that urbanization will lead to the increase of shade-tolerant, thermopbhilic, and
fertilizer-loving plant species. Such changes are closely related to the increase in green
urban spaces, urban temperature, and nitrogen deposition. Pértel et al. (1996) determined
the habitat range of 14 plant communities in Estonia according to the Ellenberg indicator
values (EIV) of vascular plants in the city. Besides Europe, no other region has complete
Ellenberg indicator values (EIV), so it is not possible to compare different regions. In
China, there is a lack of systematic research on the ecological adaptation of plants.
Combined with the current research results, Ellenberg indicator values (EIV) of five
ecological factors (including light, temperature, moisture, soil reaction and soil fertility),
for more than 4000 plant species were recorded for more than 4000 plant species (Song
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etal., 2013). The first two indicators are related to climate, whilst the last three are related
to soil properties.

In the last four decades, the city of Hangzhou conducted two comprehensive surveys
on urban plant diversity on two occasions (1981 and 2017) and compiled plant diversity
inventories. After 2017, scholars went on to identify more plant species in the region and
further generate relevant data. Due to these efforts, Hangzhou has become a perfect case
for studying the relationship between rapid urbanization and plant diversity evolution.
The present paper carries out an analysis of the changes in floristic composition over the
past four decades in Hangzhou to understand: (a) the changes in plant diversity and
composition in Hangzhou’s rapid urbanization and their driving forces; (b) the changes
in introduced plants and rare and endangered plants because of rapid urbanization, as well
as the role urbanization plays in composition of urban plant diversity; (c) the changes in
plant ecotypes and their ecological demand by using Ellenberg’s Indicator Values (EIV).
This analysis is expected to have reference value for future urban planning.

Materials and Methods
The study area

Hangzhou (118°20'-120°37’, 29°11'-30°34"), the capital city of Zhejiang Province, is
in East China’s Yangtze River Delta area. The city has witnessed rapid economic
development and urbanization since 1980. It covers a total area of 16.85 thousand km?,
among which urban areas cover a total of 8.289 thousand km?. Over the last 40 years, its
population has soared, with its permanent resident population growing from
5.2073 million in 1981 to 10.36 million in 2020. The city is famous for its business and
tourism, with its total GDP ranking 9" in China. The annual average temperature ranges
from 15.8°C to 18.5°C. The city receives an average annual rainfall of between 1100 and
1600 mm. The highest point in the city has an altitude of 1787 m. The forest coverage
rate in the city totals 66.8%. During the city’s rapid transformation, Hangzhou’s zoning
and areas have seen many changes. At present, there are 10 districts in Hangzhou, as
Fuyang City and Lin'an City merged into Hangzhou as urban districts in 2015 and 2017,
respectively. However, in the 1980s, the investigation of plant species in Hangzhou did
not cover these two areas. In order to ensure a consistent research area, the plant data for
Lin’an District and Fuyang District are not included in the present paper (Fig. 1).

China Zhejiang Province

N

Hangzhou

1 Xihu district 4 Shangcheng district
2 Gongshu district 5 Binjiang district
3 Xi district 6 district

Figure 1. The study area and scope
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Data sources and processing
Data sources

Data on the number of plant species are mainly derived from HBH (1982) and Yu et
al. (2017). The numbers of newly identified plant species and their distribution in the
region in the years 2017-2020 are also collected (Chen et al., 2019; Ding et al., 2019; Li
et al., 2021) to form the dataset for 2020. In addition, the classification of several plant
species is adjusted by referring to Flora of China (Wu et al., 2013) and the latest research
achievements in plant classification (Xie et al., 2019; Chen et al., 2021; Chi et al., 2021).
Hence, the plant inventories in the two periods are obtained.

Flora analysis

The floras are classified in different periods according to the areal-types of Chinese
genera of seed plants (Wu, 1991) and pteridophyte (Zang, 1998). Invasive plant species
are determined according to Ma (2013) and Yan et al. (2019). Meanwhile, any rare or
endangered plants and national key preserved wild plants are determined by Fu (1992)
and NFA (1999).

Growth form analysis

By referring to the plant growth form classification designed by Song et al. (2015), the
growth forms of plant species are simplified into two levels. Level-I growth forms include
Tree (T), Shrub (S), Herb (H), Vine (V) and Epiphyte (Ep). Level-11 growth forms of
Tree, Shrub and Vine are further divided into Evergreen Tree (ET) and Deciduous Tree
(DT), Evergreen Shrub (ES) and Deciduous Shrub (DS), Evergreen Vine (EV) and
Deciduous Vine (DV) according to whether they are deciduous or not, respectively. Herb
is further divided into Annual Herb (AH) and Perennial Herb (PH) according to the life
cycle.

Ecotype determination

According to the Ellenberg Indicator Value (Ellenberg et al., 1991) and Song et al.
(2013), all of the ecological factors were classified as one of nine levels with numerical
ranges also given. Due to the lack of systematic studies looking into the ecological value
of plants in China, we selected five ecological factors including light, temperature,
moisture, soil reaction and soil fertility to classify plants in terms of indicator values,
which were recorded by Song et al. (2013) (Table 1). As EIVs for some plant species
were not available in the literature, the indices were calculated by referencing known
species growing in the same habitat.

Table 1. Gradations of plant ecological indicator values (Song et al., 2013)

Levels 1 2 3 4 5 6 7 8 9
. Between 1 Between Half Between . . .
Light Full shadow and 3 Shadow 3and 5 shadow 5and 7 Half light Light Full light
- . Cool Mid- Warm-  (Sub-warm| Warm- Sub- .
Temperature | - Frigid  [Sub-frigid temperate | temperate | temperate | torrid torrid torrid Torrid
. Super  |Between 1 Between Between Between
Moisture xerophyte | and 3 Xerophyte 3and 5 Mesophyte 5 and 7 Hygrophyte 7and 9 Hepophyte
Soil reaction Extremely |Between 1 Acidic soil Between | Weakly | Between | Neutral | Between Alkaline soil
acidic soil | and 3 3and 5 | Acidicsoil | 5and 7 soil 7and9
Soil fertilit Extremely |Between 1 Poor soil Between | Mid-rich | Between Rich soil Super-rich| Extremely
Y poor soil and 3 3and5 soil 5and 7 soil rich soil
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Data calculation and analysis

The data were statistically analyzed through Excel 2010 software and difference
significance analysis conducting using SPSS17.0 software (Wu et al., 2014).

Results
Changes in floristic composition

In 2020, 1799 species of plants were registered in the research area, belonging to 184
families and 845 genera. 234 new species belonging to 6 families and 106 genera were
found, which is a significant increase compared to 1981 (Fig. 2). The most common
species found were in Gramineae, followed by Compositae, Cyperaceae, Leguminosae,
and Rosaceae, respectively. The top ten families in terms of amount did not change
between 1981 and 2020; however, the number of species of all the families (except
Gramineae) increased over this period, with the largest increases found in Compositae,
Cyperaceae and Liliaceae (Fig. 3).
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Figure 2. The number of plant families, genera and species in 1981 and 2020
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Figure 3. The top ten families with the most species in 1981 and 2020
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Although 101 species of plants were lost between 1981 and 2020, 438 new species
were found. 1386 species of plants were recorded in both periods and whilst 11 genera of
plants were lost between 1981 and 2020, 117 new genera were found. In total, 728 genera
of plants were recorded in both periods (Fig. 4). Some species were introduced through
urban greening, leading to enriched plant diversity in the city. Statistics show that 433
species of ornamental plants were registered in 2020, an increase of 52 from 1981
(Table 2).

1600

M Species Genus

1200 ¢

800

) I
. |

Common Acquired Lost

Numbers of Species/Genus

Figure 4. The number of species and genera of common, acquired, and lost plants in 1981 and
2020

Table 2. Changes in plant growth forms between 1981 and 2020

Growth form All plants Ornamental plants
Level-1 Level-11 1981 2020 1981 2020
Evergreen Tree 72 85 40 43
(ET)
Tree (T) Deciduous Tree
(DT) 145 164 72 75
Evergreen Shrub 83 100 56 58
(ES)
Shrub (S) Deciduous Shrub
(DS) 131 153 45 50
Evergreen Vine 27 38 7 9
. (EV)
Vine (V) Deciduous Vine
(DV) 105 128 7 8
Perennial Herb
Herb (H) (PH) 874 979 130 164
Annual Herb (AH) 126 149 24 26
Epiphyte (E) 2 3 0 0
Total 1565 1799 381 433

Comparison of flora

A comparison of flora in 1981 and 2020 reveals that the 117 acquired genera of plants
belong to 14 areal types. 20 genera were found to belong to the Pantropic type, which is
the most common, followed by 14 genera belonging to the Old World Temperate type.
The 11 lost plant genera belong to 7 areal types, including 2 belonging to the Pantropic
type and 2 to the North Temperate type (Fig. 5).
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W Acquired Lost

Numbers of Genus

Figure 5. The areal types of lost and acquired plant genera in 1981 and 2020

70 invasive species were found in 2020, which is 18 more than in 1981. Most of the
invasive species are from Tropical America, with 36 registered in 1981 and 47 in 2020,
accounting for 61.1% of the total number of new invasive plant species. Only one invasive
plant from Oceania was recorded (Fig. 6).
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Figure 6. The number and source of invasive plants in 1981 and 2020

In 2020, the research area recorded a total of 20 rare or endangered plants and national
key preserved wild plant species. Compared to 1981, 15 species were found in new
distribution sites. However, the historical distribution sites of 15 species had disappeared.
The number of existing distribution sites increased for 9 species, including 3 species that
were newly found in the research area. The number of existing distribution sites decreased
for 8 species, including Pterygopleurum neurophyllum which disappeared from the
research area (Table 3).

Changes of growth form and ecotype

Perennial herbs have the largest number of species among all plants (979), followed
by deciduous trees (164). Compared with 1981, the growth form of all plants in the
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research area saw an increase in 2020. The largest increase was found in perennial herbs,
which had 105 new types. In 2020, the number of common ornamental plant species in
the research area increased by 52 compared with 1981, including 34 perennial plants,
which account for 65.38% of the total increase (Table 2).

Table 3. The number of distribution sites of rare and endangered plants and national key

preserved wild plants

Species Common English names DS VS NDS EDS
Ardisia violacea -- 2 1 0 1
Brachystachyum densiflorum -- 1 1 1 1
Changium smyrnioides Radix changii 5 0 4 9
Changnienia amoena -- 0 0 1 1
Celastrus orbiculatus Oriental bittersweet 1 0 0 1
Ceratopteris thalictroides Water fern 0 0 3 3
Emmenopterys henryi -- 1 1 1 1
Fagopyrum dibotrys Wild buckwheat 5 1 8 12
Gelidocalamus marmorea -- 0 0 2 2
Glycine soja Wild soybean 4 3 15 16
Isoetes sinensis -- 4 4 2 2
Machilus chekiangensis -- 2 1 0 1
Mosla hangchowensis -- 7 4 1 4
Ormosia henryi -- 6 4 1 3
Phoebe chekiangensis -- 4 1 3 6
Pteroceltis tatarinowii Wingceltis 1 1 1 2
Pterygopleurum neurophyllum -- 1 1 0 0
Trapa incisa Water chestnut 5 3 1 3
Yulania cylindrica -- 1 1 1 1
Zelkova schneideriana Chinese Zelkova 4 2 0 2

HDS: historical distribution sites, the number of plant distribution sites recorded in historical documents;
VS: vanishing sites, the number of plant distribution sites recorded in the historical documents for plants
not found in the 2020 survey; NDS: new distribution sites, the number of newly discovered plant
distribution sites in 2020; EDS: existing distribution sites, the total number of existing plant distribution
sites

A comparison of the ecotype of acquired and lost species reveals that in terms of light
demand, more lost species are found to be between Half shadow and Half light
(Level 5-7), whilst most of the acquired species are found between Half light and Full
light (Level 7-8), increasing by 106 and 109, respectively. Together they account for
49.1% of the total increase. A large increase of 160 species was also found between
Shadow and Half shadow (Level 3-5), accounting for 36.5% of the total increase
(Fig. 7A). Torrid plants have also seen a substantial increase. Plants between
Warm-temperate and Sub-torrid (Level 5-8) account for 84.5% of the total increase. A
similar trend is found for lost species. However, four Sub-frigid (Level 2) plants were lost
(Fig. 7B). In terms of moisture, there was a reasonable increase in plant species belonging
to Mesophyte (Level 5-6), accounting for 69.6% of the total increase. Xerophyte plants
(Level 3-4) and Hepophyte plants (Level 9) also increased sharply (Fig. 7C). Plants with
weakly acid soil (Level 5-6) experienced the largest increase, whilst plants with alkaline
soil (Level 8) saw a mild increase. More lost plants were found to be in neutral soil
(Level 7) (Fig. 7D). Plants with mid-rich soil (Level 5-6) have been acquired and lost the
most, accounting for 74.3% and 63% of their respective totals. Plants with poor soil
(Level 3-4) were also acquired mildly (Fig. 7E).
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Figure 7. EIV for acquired and lost plants in 1981 and 2020

The acquired species prefer higher light, higher temperature and higher soil fertility
and there were significant differences compared with those of the lost species. However,
there was no significant difference in water demand. In response to the soil reaction, the
acquired species prefer acidic soil (Table 4).

Table 4. Comparison of ecological requirements of acquired and lost plants in 1981 and 2020

Ecological factor Lost Acquired Significance acquired/lost
Light 5.75+1.74 6.23+1.78 *x
Temperature 5.69+1.43 5.98+1.35 *
Moisture 5.76+1.21 5.62+1.31 -
Soil reaction 6.17£1.07 5.40+0.83 *x
Soil feritily 5.30+0.89 5.55£1.22 *

** Significance of t-test p < 0.01; * Significance of t-test 0.01 < p < 0.05; — Significance of t-test p > 0.05

Discussion
Significance of complete historical plant data

Literature on flora can be of great help in analyzing changes in plant diversity and
trends in biodiversity development (Knapp et al., 2010). There have been a number of
studies conducted looking at the effects of long-term urban environmental changes on
biodiversity, such as those studying periods of over 100 years (Fudali, 1995) or 200 years
(Gregor et al., 2012). The study on urban biodiversity with the longest time span was
conducted by Knapp et al. (2010), which studied urban plant functional characteristics in
central Europe over nearly three centuries and analyzed the ecological characteristics of
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urban plants in different time periods. The study proved that plants could adapt and
respond to urbanization and urban environments. Meanwhile, biodiversity development
trends can differ across different time spans. For example, over a shorter span, urban plant
diversity may improve (Grimm et al., 2008), which is similar to our findings; however,
Godefroid’s study of Brussels over nearly 50 years (Godefroid, 2001) revealed a trend of
decreasing plant diversity. Whilst plant diversity gradually decreases over longer time
spans (Tait et al., 2005), Salinitro et al.’s study (2019) arrived at an opposite finding,
which may be due to the complexity of the factors affecting plant diversity evolution.
Changes in the urban environment brought about by rapid urbanization such as ground
hardening and increased concentrations of heavy metal in the soil can impair plant growth
and development. Nevertheless, other changes such as enhanced urban green areas,
improved habitat heterogeneity and targeted human interventions and can provide
favorable conditions for plant growth. These factors influence the dynamic change and
distribution pattern of urban plant diversity to different degrees in different stages of
urban development. Moreover, it takes enormous amounts of time and energy to conduct
comprehensive surveys on plant diversity data; as such, this arduous task cannot be
properly accomplished in many cities (Niemeld, 1999; Godefroid, 2001). The data used
in some studies are often incomplete (Sudnik-Wojcikowska, 1987), which can also lead
to different findings. By using comprehensive data on plant species during the rapid
urbanization phase of the research area, this study more clearly presents the dynamic
changes in urban flora composition during the rapid urban development on a medium
time scale.

Changes in plant diversity and influencing factors

Our study has revealed a significant change in the plant diversity of the research area
over the past four decades. Urban biodiversity is greatly shaped by human activities, such
that human decisions and behaviors impact urban biodiversity (Hope et al., 2003; Wu et
al., 2011). Hangzhou has been experiencing very rapid urbanization since 1980, with
significant changes taking place in its landuse patterns. For instance, the land used for
construction increased from 6.85% in 1985 to 37.84% in 2017 (Yang et al., 2017). The
resident population in the research area reached 10.36 million in 2020. The city also
welcomed 208 million travelers in 2020 (HBS, 2021). All of these factors have had a
substantial impact on local plant diversity.

Over the past four decades, 101 plant species have been lost and 438 plant species have
been acquired in the region, with the latter including 52 species of ornamental plants.
Many factors have contributed to the disappearance of plant species, such as agricultural
intensification, nitrogen input, wetland degradation, construction activities and herbicide
use. Among them, the leading factor appears to be changes in land use (Gregor et al.,
2012), such as decreased arable land and forests and an increase in built-up areas. The
loss of plant species is also related to the way that land is used. In the three decades
between 1985-2017 alone, the area of urban arable land converted into construction land
and the area of forest converted into construction land reached 1008.63 ha and 949.21 ha,
respectively, leading to the loss of some species that originally inhabited the arable land
or forest.

Another important factor contributing to enhanced urban plant diversity is that many
foreign species are introduced as ornamental plants in urban greening (Thompson et al.,
2003) at a rate and amount that far exceed the loss of native species (Sax and Gaines,
2003). It should be noted that this does not completely concur with our findings. In spite
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of the significant increase in plant species in the research area, the number of acquired
ornamental plants only accounts for 11.9% of the acquired total. Apparently, the added
plants are mostly newly found species distributed in this region, which is most likely a
result of the massive efforts in large-scale plant resource investigation in the region in
recent years. Although historical surveys are already relatively adequate, omissions are
still inevitable. Therefore, it is necessary to conduct in depth supplementary surveys over
the longer term. The same work has been carried out in many cities across China and
fruitful results have been achieved (Ma, 2008; Ding and Jin, 2017).

Invasive plants have also seen a significant increase in the research area. The number
of invasive plant species increased by 34.6% in 2020 compared to 2018, which has
already impacted local ecosystems (Wang, 2008; Xie et al., 2012). Invasive plants prefer
dry, alkaline and warm places that are rich in nutrients and have sufficient sunlight; such
conditions typically result from human beings cutting down trees and piling up
construction materials, as well as global warming (Godefroid, 2001). The fragmentation
of urban landscapes has also increased the risk of invasive species invading (Thomas et
al., 2001). Research has found that most invasive plants come from warm areas in tropical
America (Sukopp, 1997) and higher temperatures in urban areas and fragmented
ecologies provide favorable conditions for invasive plants. Urban greening and
horticultural exchanges have introduced a large number of species. One typical example
is Solidago canadensis (Wang, 2008), which was introduced to China as an ornamental
plant and has since caused serious invasive effects. As such, it is essential to monitor how
the introduced species behave in order to know at the earliest possible time when they
may become a “harmful” one. This will would enable allow for the more effective
management of urban biodiversity so as to reduce the potential risks of associated with
invasive species (Mao et al., 2013).

The past four decades have witnessed a significant change in the distribution of rare
or endangered plants and national key preserved plants. On the one hand, some
distribution sites close to urban areas have disappeared because of urban construction,
such as the distribution sites of M. hangchowensis. The reduction of water bodies and the
pollution of water environments have also led to the loss of the distribution sites of some
rare or endangered plants such as 1. sinensis and T. incisa. In the Frankfurt/Mainz region
of Germany, large-scale deforestation has also led to the loss of a huge number of species
(Gregor et al., 2012). On the other hand, the renewed emphasis on biodiversity
conservation has contributed to the discovery of some new distribution sites of rare or
endangered plants. These new sites are now well protected and play a key role in local
biodiversity conservation. This also provides the basis for the implementation of species
conservation and plant resource management plans (Godefroid, 2001).

Ecological requirements of the urban flora

Socioeconomic factors influence the composition and structure of urban plants through
urban management, the changing of urban infrastructure and hydrological conditions
(Grimm et al., 2008). A comparison of EIVs shows that the flora in the research area have
changed due to urban construction. The study of the changes of urban plants in Brussels
also found that newly added plants preferred places with light (Chocholouskova and
Pysek, 2003). However, urban greening has also brought about more shade, leading to an
increase in the number of shade plants, which is a similar finding to that of Salinitro et al.
(2019). The present study found a larger number of sun plant species than shade-tolerant
plants. This can be related to the decrease in forest and arable land and improvements in
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construction areas and open places, such as like roads and squares over the last 40 years.
Among the newly added plant species, thermophiles accounted for the majority. Due to
global warming, some foreign plants prefer urban areas with higher temperatures.
Research has shown that the rapid urbanization in east China has led to a significant
increase in urban temperatures. The temperature of the research area increased at a rate
of 0.28-0.44°C every ten years (Xie et al., 2007; Dai et al., 2011). Whilst the irrigation in
urban green areas may disrupt the effect of natural rainfall on the distribution of plant
ecotypes, the increase in the number of hydrophytes has barely any correlation with
irrigation. Instead, the significant increase is related to changes in urban wetland
landscapes because some aquatic ornamental plants have been introduced to urban water
landscapes. The development of agriculturalization entails the heavy use of fertilizers,
especially phosphorus-based fertilizers, which has led to the alkalization of some areas
and created favorable conditions for the growth of alkaline plants. This finding is similar
to the study of Sukopp, Blume, and Kunick (Sukopp et al., 1979) conducted in West
Berlin. However, plants introduced for ornamental purposes tend to prefer acidic soil,
resulting in a lower soil reaction value of acquired plants in this area. Plants that are
tolerant of poor soil mainly appear in areas surrounding urban construction sites, the
expansion of which also provides more survival space for such plants. Furthermore, urban
nitrogen deposition will lead more fertilizer-loving plants to enter the urban habitat, thus
increasing the soil fertility value of acquired plants.

Perennial herbs have seen a large increase in the number of species. This is especially
so among ornamental plants which have increased by 65.38%. This is largely because
Hangzhou, as a tourist destination, has introduced a large number of perennial ornamental
herbs from home and abroad for urban greening and some plants better landscaping
effects and adaptability to the local environment have been used for a long time.

Significance to urban planning

An analysis of the evolution of plant diversity not only provides information on the
extent to which species numbers have changed but also offers possible reasons for such
changes. Therefore, it forms the basis for landscape planning, and more importantly,
decision making on species and biome conservation (Schaepe, 1990). There have
increasingly been broader conservation efforts directed towards urban plant diversity of
not only species, biota and ecology, but also landscapes, which has improved the living
conditions of urban residents. Hence, green area planning and biodiversity conservation
in urban planning essentially aim to improve the quality of urban environments. The
improvement of urban environmental quality can broadly be achieved in three main ways:
(a) expanding the total area of green spaces; (b) improving the quality of green spaces;
(c) establishing an effective ecological network (Chocholouskova and Pysek, 2003).

Changes in urban land use have reshaped current land patterns. Since the land used for
urban construction has increased, urban planners now allocate part of this land for urban
greening purposes to compensate for the reduction in arable land and forests. Studies have
shown that the area set aside for urban greening is expanding at a rate larger than that of
urban areas themselves (Fuller, 2009; Kabisch and Haase, 2013). As of 2020, the urban
green area in Hangzhou accounts for 14.26% of the total built-up area (HBS, 2021). Urban
green areas can provide more environments for plants to adapt thanks to their high habitat
heterogeneity and operability in habitat construction and management. Some native
plants that have disappeared can be artificially grown in urban green areas, so as to
improve their plant diversity (Fan et al., 2016). However, the loss of native biodiversity
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arising from the destruction of natural habitats can hardly be recovered by expanding
urban green areas in the short term. Therefore, urban planning and land use should
prioritize strengthening land conservation, including its species, biota, habitats and
landscapes. Urban planners should not expect to compensate for the ecological losses due
to land development through urban greening. The former is more beneficial to a stable
urban ecological system and will more likely promote sustainable urban development.
Cities or communities with higher levels of economic and social development will use
more diverse and rare plant species to improve the quality of their green areas (Aronson
et al., 2017), creating a “luxury effect”. Some foreign plants are typically introduced to
cities as ornamental plants. As Hangzhou welcomes more frequent trade and business
exchanges with other cities, its urban biodiversity will accordingly be more susceptible
to foreign species. Although the introduction of foreign species is inevitable, advocating
the use of native plant species for ornamental purposes in urban planning should be
highlighted.

Conclusions

In this study, Hangzhou city was taken as the research area. Based on the historical
data of flora for the years 1981 and 2020, the dynamic changes in plant diversity in
Hangzhou over the past four decades of rapid urbanization are analyzed, with the results
revealing that:

1. An analysis of the change of urban biodiversity with existing literature may help
with urban planning and biodiversity conservation. In this study, the plant diversity in
Hangzhou city has changed in the past four decades due to rapid urbanization.

2. The loss of plant species in Hangzhou may relate to the way that land is used. The
introduction of ornamental plants is not the main factor contributing to the increase in
plant species and some of these have become invasive species in this area. As new
distribution sites were found for rare and endangered plants, they are now well protected
and play a key role in local biodiversity conservation.

3. A comparison of EIVs shows that the flora in the study area have changed due to
urban construction. The number of species that are sun plants increased more than shade
plants and there was a significant increase in the number thermophilous and hepophyte
plant species.

4. Urban planning and land use should prioritize strengthening land conservation,
including its species, biome, habitats and landscapes, which are more beneficial to a stable
urban ecosystem and will more likely promote urban sustainable development. Although
the introduction of foreign species is inevitable, advocating the use of native plant species
for ornamental purposes in urban planning should be highlighted.

The species diversity of urban green space is of great significance for maintaining the
ecological security and balance of urban system and improving the living environment.
Urban green space with high plant diversity can improve ecosystem stability and provide
sustainable ecosystem services for urban residents, such as providing heterogeneous
habitats and alleviating urban heat island effect. However, there is little research
connecting the urban plant diversity and its ecosystem services. The research on the
relationship between the structure of urban plant diversity and ecosystem function is
helpful to understand the impact of the spatial pattern of urban plant diversity on the
stability of urban ecosystem and ecosystem service, which is an important direction of
urban plant diversity study in the future. In addition, it should also pay attention to the
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ecological risks brought by the distribution of alien species and invasive species in cities
and the potential health risks brought to urban residents, so as to reduce any harm to the
sustainable development of the city and provide scientific suggestions for urban planning
and construction.
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