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Abstract: The response of vegetation phenology to urbanization has become a growing concern.
As impervious surfaces change as urbanization advances, the variation in vegetation phenology at
the dynamic urbanization level was analyzed to significantly quantify the impact of urbanization
processes on vegetation phenology. Based on the MOD13Q1 vegetation index product from 2001
to 2020, vegetation phenology parameters, including the start of the growing season (SOS), the end
of the growing season (EOS), and the length of the growing season (GSL), were extracted, and the
spatial-temporal variation in vegetation phenology, as well as its response to urbanization, was
comprehensively analyzed. The results reveal that (1) from 2001 to 2020, the average rates of change
for the SOS, EOS, and GSL were 0.41, 0.16, and 0.57 days, respectively. (2) The vegetation phenology
changes showed significant spatial-temporal differences at the urbanization level. With each 10%
increase in the urbanization level, the SOS and EOS were advanced and delayed by 0.38 and 0.34 days,
respectively. (3) The urban thermal environment was a major factor in the impact of urbanization on
the SOS and EOS. Overall, this study elucidated the dynamic reflection of urbanization in phenology
and revealed the complex effects of urbanization on vegetation phenology, thus helping policymakers
to develop effective strategies to improve urban ecological management.

Keywords: vegetation phenology; urbanization; spatial-temporal analysis; urbanization level; urban
temperature; remote sensing

1. Introduction

Vegetation phenology refers to the sprouting, leaf expansion, flowering, fruiting, and
defoliation of vegetation responding to external factors (temperature, precipitation, etc.)
during the growth [1] period and is the most flexible biological indicator of seasonal en-
vironmental changes [2]. Research has shown that the phenology of vegetation changes
over time. For example, the EOS, SOS, and GSL in the temperate regions of China tended
to be delayed, advanced, and extended, respectively [3]. From 2001 to 2016, the trend in
the SOS in freshwater swamps in northeastern China was for it to occur earlier, and the
SOS in the Greater Khingan Mountains was earlier than that in the Songnen Plain [4]. With
the development of society, human activities such as population growth, land use changes,
and extensive resource exploitation have led to a range of environmental changes [5].
For instance, an increase in the impermeable surface area impacts the process of energy
exchange between the atmosphere and the surface, which, in turn, changes the environ-
ment for vegetation growth [6]. Overall, with the development of climate warming and
urbanization, the influence of urbanization on vegetation phenology has attracted growing
attention and become a new urgent issue in phenology research.
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Previous studies have found that with the advancement of urbanization, phenology
will also change [7,8]. A study of 32 cities in China presented an EOS that was 5.4 days
earlier while the SOS was 11.9 days later in rural areas compared to urban areas [9]. Using
the percentage of the impervious layer to express the urbanization level, another research
work found that an increase in the impervious layer will lead to an advanced SOS and a
delayed EOS [10]. A tenfold increase in urban size may lead to a 1.3-day advance in the
SOS and a 2.4-day delay in the EOS [11]. Previous studies have differed in their approach
to dividing the urbanization level. However, most of them have only considered urban
impacts on vegetation phenology under a fixed urbanization level, ignoring the process
of urban expansion [12,13]. The percentage of impervious surfaces has also changed
during the urbanization process, resulting in the urbanization level changing from year to
year [14]. Thus, this study used a dynamic level that can be quantified using remote sensing
technology, taking into account the process of urban sprawl. The impervious surface was
used instead of the traditional method of establishing an urban-rural differential between
rural and urban areas, which allows for a more significant quantification of the urbanization
process affecting vegetation phenology.

In contrast to traditional ground-based methods, remote sensing images are not
restricted by time or space. They not only facilitate the acquisition of long time series of
vegetation phenology information but also compensate for the limited-scale coverage of
field observation sites, which greatly promotes the development of vegetation phenology
research [15]. MODIS remote sensing monitoring data have a suitable spatial resolution
and a stable vegetation index, which is extensively used in vegetation phenology research.
Thompson et al., used MODIS NDVI data to extract phenology information in the Alps
and found that the higher the elevation, the shorter the GSL [16]. Sarvia et al., used
MOD13Q1 data and found that different vegetation types have different responses to
climate change [17]. Vegetation phenology parameters were extracted using MOD13Q1-
NDVI data with spatial and temporal resolutions of 250 m and 16 days, respectively, for
a total of 460 periods (https:/ /search.earthdata.nasa.gov/, accessed on 1 February 2022).
MOD11A2 surface temperature data with spatial and temporal resolutions of 1000 m and
8 days, respectively, were used (https://search.earthdata.nasa.gov/, accessed on 20 March
2022). MODIS product data have the advantages of good time continuity and a high
spatial resolution [18-20] and are widely used in vegetation growth monitoring [21], soil
moisture monitoring [22], and research on vegetation phenology changes [23,24]. The
impervious surface data constitute global high-resolution impervious-surface-mapping
products released by Prof. Peng Gong et al. for the period of 2001 to 2018 with a spatial
resolution of 30 m [25] (https:/ /data-starcloud.pcl.ac.cn/zh, accessed on 18 June 2022).
The impervious surface data for 2019 and 2020 were supplemented using land use data
sourced from 30 consecutive years of land use in China from 1990 to 2021 (China Land
Cover Dataset, CLCD) [26], and the accuracy rate reaches 80%.

The maximum-slope-of-change method, the dynamic threshold method, and the
sliding average method are commonly used to extract vegetation phenology parameters
from remote sensing data [27,28]. Human factors such as the setting of the threshold and
the window size in the dynamic threshold method and the sliding average method can
produce errors in the results, while the maximum-slope-of-change method can avoid such
errors. So, in this paper, the maximum-slope-of-change method was utilized to extract the
vegetation phenology parameters, as it utilizes the slope of a fitted linear function to reflect
the vegetation phenology trend more objectively and accurately, thus effectively avoiding
the interference of human subjective factors with the vegetation phenology inversion.

This paper hypothesized a relationship between the ISP, LST, and vegetation phenol-
ogy parameters. We defined phenological changes due to an increase in the impervious
surface (ISP) as the effect of urbanization on phenology and phenological changes due to
land surface temperature (LST) as the effect of the thermal environment on phenology as
caused by urbanization. The processing flow of this study was as follows. Firstly, MODIS
NDVI data from 2001 to 2020 were utilized to extract the vegetation phenology parame-
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ters for the Yangtze River Delta region, including the EOS, SOS, and GSL. Secondly, the
spatial-temporal features of vegetation phenology were analyzed. Thirdly, the vegetation
phenology variation, along with the dynamic urbanization level, was analyzed to signifi-
cantly quantify the impact of the urbanization process on vegetation phenology. Finally,
the contribution of the urban thermal environment to the physical climate was explored.

2. Data and Methods
2.1. Study Area

The Yangtze River Delta region (29°12' to 35°20'N and 114°54’ to 121°28'E) is located
in eastern China, downstream of the Yangtze River, covering a total area of approximately
359,000 square kilometers. The region is dominated by a subtropical monsoon and temper-
ate monsoon climate, and it is warm and humid year-round. Plains, hills, and mountains
are the main terrain types, and the three main vegetation types are mixed evergreen decid-
uous broad-leaf forest, green broad-leaved forest, and temperate deciduous broad-leaved
forest (Figure 1). As a region with strong economic power and rapidly developing urban-
ization levels in China, its total GDP reached CNY 24.5 trillion, and its total population
reached 235 million people in 2020, which profoundly changed the urban ecological envi-
ronment [29] (Table 1). In addition, the urbanization level was complete in the selected
study area, making it an excellent natural experimental area for exploring the effects of
urbanization on vegetation phenology. In addition, compared to existing research focusing
on the area within the city and its surrounding limited areas, our selected study area covers
areas with different urbanization levels, including rural areas and urban areas with various
development levels, making the study area a natural experimental area for exploring the
effects of urbanization on plant phenology.
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Figure 1. Land cover map of the study area in 2020.
Table 1. Population and GDP of provinces in the Yangtze River Delta region in 2020.
Province Population GDP (Billion CNY)
1 Shanghai 24,870,895 38,700.58
2 Jiangsu 84,748,016 102,719
3 Zhejiang 64,567,588 64,613
4 Anhui 61,027,171 38,680.6
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2.2. Data Source

The data used in this study include the MOD13Q1-NDVI dataset, the MOD11A2-
surface temperature dataset, a land use dataset, and urban boundary data, as detailed in
Table 2.

Table 2. Data sources and uses.

Data Year Source Uses
1 MOD13Q1- 2001-2020 https:/ /search.earthdata.nasa.gov/, Extraction of vegetation

NDVI accessed on 1 February 2022 phenological parameters

. https:/ /data-starcloud.pcl.ac.cn/zh, S -
2 Impervious surface data 2001-2020 Definition of urbanization level
accessed on 18 June 2022
MOD11A2- https:/ /search.earthdata.nasa.gov/, .
3 Surface temperature data 2001-2020 accessed on 1 February 2022 Extraction of surface temperature
https:/ /zenodo.org/record /5816591# . .

4 Land use data 2001-2020 ZEOxa3ZBzIV, Selection of different types

accessed on 11 August 2022 phenological changes in vegetation

2.3. Methods
2.3.1. Time-Series Reconstruction

MODIS is an important sensor onboard the Terra and Aqua satellites, generating
the land vegetation data product MOD13Q1 with a spatial resolution of 250 m and a
temporal resolution of 16 days, of which the normalized difference vegetation index (NDVI)
layer is extensively used in large-scale vegetation phenology research [30]. However,
cloud and snow cover, haze effects, and the performance of the sensor itself can have an
impact on the radiant energy output from the sensor, resulting in valleys and peaks in the
synthesized NDVI curves. These anomalies cause the accuracy of the parameter inversion
results to decrease and deviate from the real vegetation activity on the surface. Therefore,
reconstructing and smoothing the time series of NDVI data are necessary to improve the
accuracy and effectiveness of the data. In this paper, the Savitzky—Golay (S-G) filtering
method was chosen to fit the raw NDVI time-series data [31]. The S-G filtering method is
a sliding window weighting algorithm proposed by Savitzky and Golay in 1960, where
the weighting coefficients are obtained by the least-squares fitting of a given high-order
polynomial within a sliding window [32]. The new curve obtained by the S-G filtering
method can retain complete detailed information in the process of filtering out the noise
interference and can describe the changes in long time-series data in more detail [33].

The Savitzky—Golay filtering (S-G) filtering method is as follows:

CY;
* m jtj+1
Yf - Zi:fm 2m+1 1)

where Y represents the initial NDVI value, Yj* is the smoothed NDVI data, Cj is the filter
coefficient for the least-squares fit, j is the initial coordinate of the sliding window, Yj 1 is
the jth initial value in the sliding window, and 2m + 1 is the sliding window size.

2.3.2. Vegetation Phenology Parameter Extraction

Three phenological parameters, namely, SOS, GSL, and EOS, were selected to investi-
gate the response of vegetation phenology to urbanization. In this study, the maximum-
slope-of-change method was used to retrieve vegetation phenology parameters, which can
effectively avoid the interference of human subjective factors and reflect vegetation phenol-
ogy trends more objectively and accurately. The maximum-slope-of-change method is used
to identify the date when the fitted curve first reaches the maximum rate of change, which
is the vegetation phenology start time; similarly, the end time of vegetation phenology is
the date when the curve reaches the maximum rate of decline in change. The length of
the season is the length of time between the start time and the end time of the vegetation
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phenology period. To eliminate the uncertainty caused by errors, the ranges of the SOS and
EOS were restricted to a certain interval. The SOS and EOS were limited to Days 50-180
and Days 240-330 of the year, respectively [34,35]. Additionally, to minimize errors, we
used only areas where there was no change in the land cover type (Figure 2).
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Figure 2. Changed and unchanged areas.

2.3.3. Dynamic Urbanization Level Setting

In this paper, we use the percentage of impervious surfaces to indicate different
urbanization levels within the region. We first used remote sensing data to calculate the
percentage of impervious surfaces (Pigp) in every 1 km x 1 km grid and then used the Pisp
to classify the urbanization level. The following equation was used to calculate the Pigp:

S
Pisp = —152 % 100% )
Slkm2

where Pigp is the percentage of impervious surfaces, and Sjsp is the area of impervious surfaces.

The Pigp values are listed in descending order, from 100% to 0%, of the percentage
value. Then, we divided the Pigp into 100 equal-scale intervals (0-1%, 1-2%, ..., 99-100%)
as the urbanization levels. The urbanization level is the first level when the Pigp is between
0% and 1%, the second level when it is between 1% and 2%, and so on. Areas with a
proportion greater than 80% were defined as urban cores, areas with a proportion less than
20% were defined as rural areas, and areas with a proportion between 20% and 80% were
defined as suburban areas. As the urban landscape changes, the percentage of impervious
surfaces in the city also changes from year to year. The endpoints of the level change
depending on the urbanization level in different locations, creating a dynamic urbanization
level that allows for a better exploration of how the urban environment affects vegetation
phenology. The dynamic effects of urbanization on vegetation phenology were expressed
by phenological parameters at each level to determine the spatial-temporal variability in
phenology at the urbanization level. The grid at 0% impervious surface was used as the
initial base, and all initial grid values were averaged. The process of determining the level
is shown in Figure 3. Figure 4 shows the urbanization levels in 2001 and 2020.
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Figure 3. Process for determining the urbanization level.
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Figure 4. Maps of the urbanization levels in the study area in 2001 and 2020.

2.3.4. Trend Analysis of Vegetation Phenology

We used linear regression to explore variations in phenology indicators during 2001-2020,
which was calculated as follows:

_ I’IZ?:l t X Pt — Z?:l tZ?:l Pt
2
nx g = (T t)

where t is the year, Py is the SOS, EOS, or GSL in year t, S is the trend in the SOS, EOS, or
GSL over time in days/year, and n is equal to 20. A slope greater than 0 indicates a trend in
which the SOS or EOS is delayed or a trend in which the GSL is extended. A slope smaller
than 0 indicates that the GSL tends to shorten, while the SOS and EOS tend to advance.
The magnitude of the slope indicates the speed at which the SOS and EOS are delayed or
advanced or the GSL is extended or shortened.

S

®)

2.3.5. The Impact of Urbanization on Vegetation Phenology

We quantified the differences between different levels and nonurbanized areas (ISP
=0) as ASOS, AEOS, and AGSL. To explore the effect of urbanization over the course of a
year, we calculated trends in phenology using the following equations:

ASOSti = a AISPU +c (4)

ASOSy = b1 ALSTy + ¢1 5)
AEOSy; = apAISPy; +d 6)
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AEOSy; = byALST; + d; (7)

AGSLy = a3AISPy + e (8)

AGSLy; = bsALST;; + e (9)

where ASOS;;, AEOSy;, and AGSL; are the ASOS, AEOS, and AGSL, respectively, of the i-th
urbanization level in year t; AISPy; is the difference between the nonurbanized area (ISP = 0)
and the urbanization level in year t; and the value range of i is 1-100.ALSTy represents
the temperature difference between the i-th level in year t and nonurban areas (ISP = 0) in
year t. When exploring the relationships between the SOS, EOS, and GSL and temperature,
spring and fall temperatures and average annual temperatures were used. The parameter a
indicates the effects of urbanization on phenology, and the parameter b indicates the effects
of temperature changes on phenology.

2.3.6. Distinguishing the Influences of Urban Thermal Environments on Changes in
Vegetation Phenology

Thermal and nonthermal environmental factors are the two main categories of factors
of urbanization that affect vegetation phenology. In this paper, we previously hypothesized
a relationship between ISP, LST, and vegetation phenology parameters, which we quantified
using linear regression with a known fixed-intercept model [36]. First, all the data were
normalized, and then the phenological changes caused by the increase in impervious
surfaces were defined as the influence of urbanization on phenology. Second, the change in
phenology owing to surface temperature was defined as the effect of the urban thermal
environment on phenology. The following equations were used to calculate the contribution
rates of the LST and ISP:

ALSTy = BAISPy + ¢ (10)

B * b;

aj

CR = x 100% (11)
where CR indicates the contribution rate of the urban thermal environment to the effect of
urbanization on vegetation phenology. A CR > 100% indicates that the thermal environment
is the only factor affecting vegetation phenology caused by urbanization.

3. Results and Discussion
3.1. Average Rate of Changes in Vegetation Phenology

The variation in vegetation phenology is shown in Figure 5, with a clear trend in
vegetation phenology over time. The variation in the SOS was more erratic, with an
average advance of 0.41 days/year. The amplitude of change from 2006 to 2009 was
relatively uniform (Figure 5a). The variation in the EOS showed a trend of being delayed,
but the delay trend was less variable than that in the SOS. The average delay was 0.16 days
per year, and all SOSs fell between Days 286 and 291 (Figure 5b). The duration between the
SOS and EOS was defined as the length of the growing season of the vegetation. The SOS
showed an advancing trend, while the EOS showed a trend of being delayed, leading to
a trend of the GSL being extended. The findings indicated that the GSL was extended by
0.57 days per year on average, with a relatively stable change from Days 208 to 210 from
2015 to 2020 (Figure 5c).

To explore the variations in vegetation phenology among urban, rural, and suburban
areas, this study extracted the average values of phenology in urban, rural, and suburban
areas and fitted them with a linear regression equation. The results are shown in Figure 6.
From 2001 to 2020, the average SOSs were on Days 86, 82, and 77 in rural, suburban, and
urban areas, respectively, all showing early trends. Rural areas advanced by an average
of 0.46 days per year, and suburban areas showed the greatest change, advancing by an
average of 0.52 days per year. The trend in urban areas was not obvious, with an increase
of 0.16 days per year (Figure 6a). Figure 6b shows the interannual variation in the average
EQSs, all of which exhibit a trend of being delayed. The average EOSs for urban, rural, and
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suburban areas were on Days 293, 278, and 285, respectively. The largest variation was in
rural areas, with an average delay of 0.58 days per year, and the smallest variation was in
urban areas, with a delay of 0.14 days per year. The change in suburban areas was between
those in rural and urban areas, with a delay of 0.4 days/year. The GSLs in rural, suburban,
and urban areas all tended to extend due to the advance in the SOS and the delay in the
EOS (Figure 6¢). The greatest variation in the GSL was observed in suburban areas, with a
lengthening of 1.05 days per year and a mean GSL of 203 days. The average GSL in rural
areas was 192 days, with a mean delay of 1.02 days per year. The lowest amplitude of GSL
was found in urban areas, where the average prolongation was 0.32 days per year, with a

mean GSL of 216 days.
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Figure 6. Variation in vegetation phenology in urban, suburban, and rural areas.
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We also analyzed the variability in phenology for different land cover types, and the
results are shown in Figure 7. The built-up area contains green vegetation such as green
belts, so phenological parameters can also be extracted. The trends in the SOS and EOS were
the same for all five types, with the SOS showing a trend of advancing and the EOS showing
a trend of being delayed. The SOS advanced by 0.29 days/year (grassland), 0.13 days/year
(shrub), 0.13 days/year (crop), 0.08 days/year (built-up area), and 0.06 days/year (forest).
The EOS was delayed by 0.39 days/year (grassland), 0.31 days/year (forest), 0.14 days/year
(crop), 0.14 days/year (built-up area), and 0.1 days/year (shrub).
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3 280 B 3 20 3
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s > 260 . 260 -
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70
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Figure 7. Variability in the phenology of five different land types.

The results of the SOS, EOS, and GSL of the five land cover types (farmland, shrub,
grassland, forest, and built-up area) are displayed in Figure 8. The SOS on the five land
cover types began in March, with an average distribution between Day 73 and Day 82. The
built-up area had the earliest onset time, with the average on Day 74. Excluding built-up
areas, the earliest average start time among the four vegetation types was for agricultural
land, occurring on around Day 75, followed by shrubs and grasslands, occurring on
Days 77 and 78, respectively. The EOS of forests was evenly distributed on Day 81, with
the latest SOS (Figure 8a). The EOS started in September, with an average distribution
between Days 268 and 287. The built-up areas had the latest EOS, with the average being
on Day 287. The EOS occurred later in agricultural and grassland areas on Day 284 and
Day 283, respectively. The EOS of forests was evenly distributed on Day 271, and shrubs
had the latest EOS, distributed on Day 268 (Figure 8b). The GSL was distributed between
190 and 215 days, with the longest time GSL occurring in built-up areas at 215 days and the
shortest time GSL occurring in forested areas at 190 days (Figure 8c).
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Figure 8. Box plots of the different land cover types. (a) shows the distribution of SOS per year for
the five land types. (b) shows the distribution of EOS per year for the five land types. (c) shows the
distribution of GSL per year for the five land types.

The vegetation phenology changed over time, with the SOS, EOS, and GSL showing
trends of being advanced, delayed, and extended, respectively, which is similar to the
findings of previous related studies. For example, Wang et al. studied the spring vegetation
phenology in 292 cities in China and found that 78.3% of the cities showed an early trend in
spring vegetation phenology [37]. Jiao et al., used integrated empirical mode decomposition
(EEMD) to explore the changes in regional phenology in China and reported that the
national average SOS advanced by 0.01 days/year and that the average delay in the EOS
was 0.20 days/year [38]. This phenomenon can be attributed to several factors, such as
global warming and precipitation. Research suggests that adequate precipitation may
advance the SOS on the Tibetan Plateau, while the advancement of the SOS in meadow
areas may be associated with increased temperature [39]. The EOS and GSL were obviously
positively correlated with temperature in arid Central Asia, while the SOS was obviously
negatively correlated with temperature [40]. The discrepancies in the variation in phenology
between urban, rural, and suburban areas indicate that different levels of urbanization lead
to different trends in phenology. The changes were more dramatic in suburban areas than
in urban areas, which may be because the urban environment has stabilized, while the
suburbs are in a rapid stage of urbanization.

3.2. Spatial Distribution Characteristics of Vegetation Phenology

The results of the spatial distribution of vegetation phenology are shown in Figure 9.
Figure 9a shows the average SOS, with an early trend from northwest to southeast. The
SOS in northern Anhui (including Fuyang, Bozhou, Huabei, Suizhou, and northern Liuan)
and Xuzhou and Jiangsu were significantly later than those in other regions, with the
SOS concentrated on Days 93 to 107. Compared with those in other regions, the SOSs in
Anging and southern Liuan in Anhui and the remaining part of Jiangsu were earlier than
in other regions, with the SOS concentrated on Days 72 to 79. Figure 9b shows the average
EOS distribution, with time gradually advancing from north to south. The EOSs in north-
ern Anhui, Jiangsu, and Shanghai were significantly later, mostly concentrated between
Days 285 and 300. In the southern region, the EOS was significantly earlier due to the
higher altitude, and it was mostly concentrated between Days 270 and 280. Figure 9c shows
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the average GSL distribution, which was mostly concentrated between 180 and 200 days.
The early SOS and late EOS resulted in a significantly longer GSL in Jiangsu than in the
other regions. Since the EOS was significantly later than in other regions, the GSL was
longer in northern Anhui.
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Figure 9. The average vegetation phenology from 2001 to 2020.

The results showing the trends in vegetation phenology changes are shown in Figure 10.
Figure 10a shows the distribution of SOS variation, where the proportion of areas with
an early SOS (slope < 0) was 40.33%, and the proportion of areas with a delayed SOS
(slope > 0) was 59.67%. The SOS in Fuyang, Bozhou, Huabei, Suizhou, and northern
Bengbu in Anhui showed obvious trends of being delayed, with delays of 1.75, 3.18, 2.86,
2.80, and 2.2 days, respectively. Figure 10b shows the distribution of EOS changes, and
most of them showed trends of being delayed. Delayed areas accounted for 95.27%, and
advanced areas accounted for only 4.73%. The junction of Anqging, Chizhou, Tongling, and
Wuhu in Anhui Province and the southern part of Yancheng in Jiangsu Province showed
early trends, with variations ranging from 1 to 3 days. The phenology in other regions
showed a trend of being delayed, with variations ranging from 1 to 2 days. Figure 10c
shows the distribution of GSL changes, and the percentages of regions with longer and
shorter GSLs were 61% and 39%, respectively.
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Figure 10. Spatial-temporal variation in phenology from 2001 to 2020.

The vegetation phenology showed significant spatial differences, with the EOS being
earlier in the south than in the north and the GSL being shorter than in the north. The pos-
sible reason for this phenomenon is the altitude factor. Studies have shown that the higher
the altitude, the later the SOS and the earlier the EOS, resulting in a shorter GSL [41,42].
The southern part of the research area is at a higher elevation than the northern part and,
therefore, has a shorter growing season length. In contrast to the distribution of EOS
changes, the distributions of SOS and GSL changes were not uniform, and the rates of
change varied greatly. There were some areas where the level of SOS delay was greater,
such as northern Anhui. The EOS variation was equally distributed and less variable than
the SOS variation, ranging between 1 and 2 days. This suggests that the SOS is more
sensitive to surrounding environmental factors than is the EOS, and similar conclusions
have been reached in prior studies. Lukasova et al., studied the influence of altitude on
the phenology of beech and reported that spring phenology was closely related to altitude,
while fall phenology was not closely related to altitude [43]. Hou et al. reported that the
daytime temperature was the main element that promoted the SOS in the northeast region,
while the effect on the EOS was not significant [44].

3.3. Trends in Vegetation Phenology at the Urbanization Level

Figure 11a shows that the SOS advanced with changing rural-urban levels, with the
average SOS in rural areas (Day 86.75, ISP < 20%) occurring 3.09 days later than the average
SOS in urban areas (Day 83.66, ISP > 80%). When the urbanization level was below 60%,
the SOS advanced significantly as the urbanization level increased; when the urbanization
process exceeded 60%, the SOS gradually stabilized and did not become significantly earlier.
Figure 11b shows that the EOS showed a trend of being delayed at the rural-urban level,
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with the average EOS in rural areas (Day 280.34, ISP < 20%) delayed by 81 days compared
with the average EOS in urban areas (Day 283.15, ISP > 80%). When the urbanization level
was less than 50%, the EOS showed a trend of being delayed with increasing urbanization
levels; when the urbanization level was more than 50%, the EOS tended to stabilize and did
not change significantly. Figure 11c shows that the GSL exhibited an increasing trend at the
rural-urban level, with an average GSL of 193.60 days in rural areas, which was 6.1 days
shorter than the average GSL in urban areas (199.70 days). The GSL gradually stabilized
when urbanization exceeded 60%.
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Figure 11. Vegetation phenology changes with increasing urbanization levels. (a) shows the changes in
the SOS with the changes in the urbanization level. (b) shows the changes in the EOS with the changes
in the urbanization level. (c) shows the changes in the GSL with the changes in urbanization level.

With accelerated urbanization, the urban environment has undergone significant
changes, with profound effects on vegetation phenology. Studies have shown that urban-
ization changes the land cover type and has an impact on the surrounding environment,
thus profoundly altering the vegetation phenology in the region. As the level of urban-
ization increases, the SOS, EOS, and GSL appear to be advanced, delayed, and prolonged,
respectively, which is similar to the findings of prior studies. Li et al., reported a later SOS
and earlier EOS in rural areas than in urban areas [10]. Ren et al., explored the relationship
between urbanization and vegetation phenology and reported that the vegetation SOS
occurred approximately 2.4 days earlier, the EOS occurred approximately 0.7 days later,
and the GSL was 3.1 days longer in urban areas than in rural areas [45].

3.4. The Impact of Urbanization on Urbanization-Level Phenology

To quantify the effect of urbanization on vegetation phenology, a linear regression
of the difference in vegetation phenology and the difference in urbanization level was
performed. The results of the study are presented in Figure 12. The evolution of the
ASOS showed a clear trend toward advancement at the urbanization level. With each
10% increase in the percentage of impervious surfaces, the ASOS decreased by 0.38 days,
indicating a general trend of SOS advancement with increasing levels of urbanization.
The average ASOS in rural and urban areas was 0.57 days and 3.72 days, respectively
(Figure 12a). Figure 12b shows that the change in AEOS exhibited a trend of being delayed
at the urbanization level. When the urbanization level increased by 10%, the AEOS was
delayed by 0.34 days. The average AEOS was 1.14 and 3.97 days for rural and urban areas,
respectively. The AGSL showed a positive trend at the urbanization level, with the AGSL
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increasing by 0.57 days for each 10% increase in impervious surfaces. The average AGSLs
for the rural and urban areas were 0.23 and 4.58 days, respectively (Figure 12c). Overall,
from 2001 to 2020, there was a tendency for the SOS to be advanced with changing rural-to-
urban levels and for the EOS and GSL to be delayed with changing rural-to-urban levels.
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Figure 12. Effect of changing Pigp on urbanization-level phenology. (a) shows the variation in
ASOS with urbanization level differences. (b) shows the variation in AEOS with urbanization-level
differences. (c) shows the variation in AGSL with urbanization-level differences.

The results showed that the discrepancy in vegetation phenology among urban areas
and rural areas increased with increasing urbanization levels. When the urbanization level
reaches a certain height, the differences between the two areas gradually tend to level off.
The differences in vegetation phenology under different levels of urbanization are likely
related to several factors [15]. First, areas with low urbanization levels (e.g., less than 20%
impervious surfaces) are dominated by nonurban factors, and their phenology is mainly
attributed to natural vegetation (e.g., forests, farmland, etc.). Areas with high levels of
urbanization (e.g., >80% impervious surfaces) are subject to phenological changes due to
the effects of urbanization (e.g., the urban thermal environment). This finding is congruent
with existing findings. Ruan et al. investigated the relationship between phenology and the
urban-rural distance in 32 major cities in the Northern Hemisphere and found that 22 cities
experienced earlier SOSs and 19 cities experienced delayed EOSs as the distance increased,
leading to greater differences in phenology between rural and urban areas [46].

3.5. Impacts of Rising Temperatures on Phenology across Urbanization Levels

To explore the relationships between temperature and phenology at the rural-urban
level, this paper analyzed the relationships between spring temperature differences and
the ASOS, between fall temperature differences and the AEOS, and between annual mean
temperature differences and the AGSL using linear regression. Figure 13a shows that the
ASOS was negatively correlated with the difference in spring surface temperature, and the
ASOS of vegetation phenology increased with increasing spring temperatures. The results
suggest that increased spring temperatures can advance the SOS. For each 1 °C increase in
spring surface temperature, the ASOS was advanced by 0.47 days. The advancement of the
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SOS was more obvious when the temperature was increased by 2-10 °C. Figure 13b shows a
positive correlation between the AEOS and the difference in surface temperature in autumn.
As the autumn temperature increased, the AEOS increased, indicating that the autumn
surface temperature promoted a delay in the EOS. The effect of the fall surface temperature
on the EOS was not strong, with the AEOS delayed by 0.13 for each 1 °C increase in the fall
surface temperature. Figure 13c shows that the AGSL was positively correlated with the
difference in the mean annual temperature. As the mean annual temperature increased,
the GSL increased. The GSL increased by 0.6 days for each 1 °C increase in the annual
mean temperature.
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Figure 13. The effect of surface temperature on urbanization-level phenology. (a) shows the variation

in ASOS with temperature differences. (b) shows the variation in AEOS with temperature differences.

(c) shows the variation in AGSL with temperature differences.

We calculated the contribution rate of temperature changes to vegetation phenology
to distinguish the warming effect from the environmental effect of urbanization. For the
relationships between AISP, ALST, and ASOS, the slopes of the AISP — ASOS normalization
ranged from —0.75 to —0.95 when anchored to a given level. For AISP — ALST — ASOS,
the slope ranged from —0.76 to —0.90 days per year. In terms of the relationships between
AISP, ALST, and AEOS, the slopes of the AISP — AEOS normalized curves ranged from
0.80 to 0.96, and the slopes of the AISP — ALST — AEOS curves ranged from 0.75 to 0.95.
Overall, the contribution of the LST in spring and fall ranged from 87 to 99%, indicating
that urban warming was a major factor in the impact of urbanization on the SOS and EOS
(Figure 14).

A combination of factors due to urbanization affected vegetation phenology. Studies
have shown that there is a warming trend in temperature with increasing urbanization [47].
Warming can contribute to an earlier SOS and a delayed EOS. The urban thermal environ-
ment caused by rising temperatures was a major factor in the difference between urban
and rural levels, which is identical to the results of existing studies [48].
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Figure 14. The contribution of the surface temperature increase to phenological changes. (a) shows
the contribution of surface temperature to the impact of urbanization on the SOS. (b) shows the
contribution of surface temperature to the impact of urbanization on the EOS.

4. Conclusions

This study extracted vegetation phenology based on MOD13Q1 vegetation index
products from 2001 to 2020 and explored its spatial-temporal variation in the Yangtze River
Delta. Furthermore, using impervious surface data and land cover data, the impact of
urbanization on vegetation phenology was explored through a dynamic-level approach.
The results showed that the SOS, EOS, and GSL were advanced by 0.41 days, delayed
by 0.16 days, and extended by 0.57 days per year, respectively. Spatially, there were
differences in the variability in phenology among rural, suburban, and urban areas, where
suburban areas had the strongest variation in phenology, mainly because suburban areas
are still experiencing the most dramatic stage of urban expansion and environmental
changes. Additionally, due to the higher altitude of the southern region, the GSL in the
southern region was shorter than that in the northern region. The correlation between
vegetation phenology and the urbanization process is obvious. With each 10% increase
in the urbanization level, the SOS, EOS, and GSL were advanced by 0.38 days, delayed
by 0.34 days, and extended by 0.57 days per year, respectively, which was attributed to
the temperature discrepancy in the city. The SOS was advanced by 0.47 days for every
1 °C increase in surface temperature, and the EOS was delayed by 0.13 days for every
1 °C increase in surface temperature. Overall, this study provides information on the
dynamic response of vegetation phenology to urbanization and can aid in understanding
the complex effects of urbanization on vegetation phenology, which is crucial for ecological
planning in the process of urbanization.
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