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ABSTRACT

Vegetation phenology changes caused by urbanization could lead to shifts in ecosystem services in urban areas
and impact on human health. The characteristics of urbanization affect vegetation phenology need to be
emphasized, especially in China with a complex natural environment and rapid urbanization background. In this
study, we used remote sensing-based phenological data (MODIS MCD12Q2) to analyze the spatial heterogeneity
of vegetation phenology caused by urbanization between urban and non-urban areas in 320 cities across China.
We found a significant difference between vegetation phenology in urban and its corresponding non-urban area
at national and the regional scale. For national scale, the start of the growing season (SOS) was significantly
advanced by 2.53 days (P < 0.001), and the end of the growing season (EOS) was significantly delayed by 6.72
days (P < 0.001), resulting in the growing season length (GSL) was significantly extended by 9.25 days (P <
0.001). For regional scale, the changes of SOS, EOS, and GSL caused by urbanization varied from seven vege-
tation zones in China. As expected for the Tropical monsoon rain forest and rain forest zone (TR) and Tibetan
plateau alpine vegetation zone (TP), and Warm-temperate broadleaf deciduous forest zone (WTB), vegetation
phenology in other four vegetation zones shows significant differences between urban and non-urban areas.
Furthermore, the potential factors driving phenological changes through urbanization were discussed, which will
be of great help in understanding the urban ecological process in future studies.

1. Introduction

spatiotemporal trends of regional ecosystems (Chen and Yu, 2007;
Schwartz and Mark, 1992). Satellite-remote sensing to monitor the

Vegetation phenology, the timing of seasonal or life cycle events, is a
natural phenomenon in which vegetation generates periodic changes
due to the influence of surrounding environmental factors, such as
temperature, light, and precipitation (Chen et al., 2000; Farnsworth
et al.,, 1995; Liu et al., 2016; White et al., 2002). Phenological changes
can reflect the response and adaptation process of vegetation life cycles
to changes in the natural environment (Badeck et al., 2004; Fu et al.,
2015; Penuelas et al., 2009; Piao et al., 2007). As such, it is an important
indicator reflecting vegetation dynamics as well as a highly sensitive
indicator of the impact of climate change (Chuine et al., 2004; Fu et al.,
2015; Shen et al., 2018; White et al., 1997), and also represent the

seasonal and interannual dynamics of vegetation in a wide range of
studies (Justice et al., 1985; Moody and Johnson, 2001; Zhang et al.,
2006; Zhang et al., 2003). Compared with traditional phenological ob-
servations, remote sensing-based phenology data are effective in
continuously capturing the spatial pattern of phenological information
over large areas (Baret and Guyot, 1991; Zeng et al., 2020; Zhang, 2018;
Zhang et al., 2003).

With the use of remote sensing technology, phenological studies in
natural ecosystems have been extensively explored (Josep et al., 2009;
Richardson et al., 2013), however, studies of urbanization (human ac-
tivities) impacts on vegetation phenology are limited (Jochner and
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Menzel, 2015; Li et al., 2017a; Neil and Wu, 2006). Urbanization
gradually modifies the urban landscape and its ecology, largely resulting
from impervious surfaces replacing vegetated and cropland surfaces
(Weng et al., 2009; Weng and Lu, 2008). The resulting urban heat island
(UHI) effects have the potential to reshape the vegetation phenological
distribution patterns and responses in the urban and its surrounding area
(Perreault and Laforest-Lapointe, 2022; Pretzsch et al., 2017). Several
studies have reported that vegetation phenology is significantly related
to urbanization which has become a major driver in changing the earth’s
surface (GAZAL et al., 2008; Han and Xu, 2013; Luo et al., 2007; Neil and
Wu, 2006; Qiu et al., 2017). However, these phenological differences
may vary in different spatial regions or depending on the degree of ur-
banization. Previous studies have mostly focused on local areas or in-
dividual cities (Jochner and Menzel, 2015; Li et al., 2017a), and
quantitative research on larger spatial scales is lacking. In addition, the
relationships between UHI intensity and the phenological changes of
urban vegetation are still inconclusive (Zhou et al., 2016b). Therefore, it
is necessary to understand further the spatial relationship between
vegetation phenology change and urbanization, and the extent to which
its heterogeneity varies under diverse background climates.

As the largest rapidly industrializing country in the world, China has
experienced the fastest urbanization in past decades and this trend is
expected to continue in upcoming decades (Fent, 2008; Guan et al.,
2018; Tan et al., 2016). With the rapid growth and expansion of Chinese
cities, there are many suitable research examples for in-depth researches
of urbanization-induced changes to vegetation phenology (Zhao et al.,
2014; Zhou et al., 2016b). At the same time, the large differences in
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latitude and climate, elevation and local topography across China will
lead to substantial differences in both vegetation types and phenological
periods (Piao et al., 2006; Richardson et al., 2013). Given the complexity
of the natural environment and its rapid urbanization mentioned above,
China is an ideal area to study the phenological characteristics of
vegetation affected by urbanization. Existing studies on the relationship
between urbanization and vegetation phenology in China have tended to
be limited to specific regions or cities (Jochner and Menzel, 2015). For
example, some researchers have explored urban vegetation phenology
in the middle temperate zone of China (Liang et al., 2016), the Yangtze
Delta (Ding et al., 2020; Han and Xu, 2013), the Dongting Lake Basin (Li
et al., 2021), Northeast China (Yao et al., 2017), and the cities such as
Beijing (Zhang et al., 2022) and Shanghai (Qiu et al., 2017). Other
studies have focused on cities with high urbanization intensity. For
example, Zhou et al. analyzed the trend of vegetation phenology in 32
major cities distributed across China (Zhou et al., 2016b). Nevertheless,
a comprehensive assessment of the impacts of urbanization on
phenology across all of China’s major cities is still lacking, particularly a
comparison across climate types, and urban intensities.

Here, we used continuous remote sensing data obtained from the
Moderate Resolution Imaging Spectroradiometer (MODIS) to assess the
spatial heterogeneity of vegetation phenology caused by urbanization,
and focus on the following questions: (1) does urbanization cause sig-
nificant differences between vegetation phenology in urban and its
corresponding non-urban areas at the national scale in China? If so, (2) is
there a spatial heterogeneity of vegetation phenology caused by ur-
banization in different vegetation zones in China?
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Fig. 1. Locations of the 320 urban areas and eight vegetation regions in China. The land cover map was based on MODIS Land Cover Type Product (MCD12Q1) at
500 m resolution in 2019. The urban areas were extracted from the GlobeLand30 dataset. Krasovsky_1940_Albers was used as the projection coordinate system.
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2. Materials and methods
2.1. Study area

In this study, taking the whole territory of China as the study area,
the spatial heterogeneity of vegetation phenology caused by urbaniza-
tion was analyzed at national and regional scales (Fig. 1). China is
located in the eastern part of the Eurasian continent and the western
Pacific coast (72°-135°E, 19°-55°N), and spans temperature and tropical
zones and dry-wet regions. To distinguish the climatic background of
different vegetation in China, the land was divided into eight vegetation
zones (FANG Jing-Yun and Shi-Long, 2002): Cold-temperate needleleaf
forest zone (CTN), Temperate mixed needleleaf and broadleaf deciduous
forest zone (TNB), Warm-temperate broadleaf deciduous forest zone
(WTB), Subtropical broadleaf evergreen forest zone (SBE), Tropical
monsoon rain forest and rain forest zone (TR), Temperate steppe zone
(TS), Temperate desert zone (TD), Tibetan plateau alpine vegetation
zone (TP).

To spatially represent the urbanization process in China by extract-
ing different scales of urban surfaces, the largest patches of urban areas
were selected within each administrative boundary of prefecture-level
cities after removing patches smaller than 10 km? (Li et al., 2017a). A
total of 320 urban areas were selected, with an area ranging from 10.67
km? to 9,363.22 km?, and an average area of 281.33 km?. The inclusion
of cities in each of the Chinese vegetation zones is as follows: 149 cities
in SBE zone, 92 cities in WTB zone, 30 cities in TS zone, 20 cities in TD
zone, 13 cities in TNB zone, 11 cities in TR zone, 5 cities in TP zone, and
no eligible cities in CTN zone.

2.2. Methodology

2.2.1. Extraction of urban and surrounding boundaries

To analyze phenological variation caused by urbanization, it is
necessary to delineate the boundaries of urban and its reference areas.
Based on the GlobeLand30 dataset in 2020, urban across China was
defined by the following steps: (1) to match the pixel size of vegetation
phenology data of MODIS (500 m resolution), an urban intensity map
which is higher than 50% was generated from the artificial surfaces
layer (30 m resolution) using a 1 km x 1 km moving window method
(Zhou et al., 2014; Zhou et al., 2016b; Zhou et al., 2015); (2) urban areas
were reconstructed with an aggregation distance of 2 km, two times the
spatial resolution of the moving window, to aggregate scattered and
nearest adjacent built-up patches (Liu et al., 2021); (3) after removing
built-up patches smaller than 10 km?, the largest patches of urban areas
were selected within each administrative boundary of prefecture-level
cities, which take out the relatively small or densely distributed
patches and is still sufficient to cover the numerous cities of
development-level of urbanization in China.

Existing studies reported that the urban-rural fringe (the suburbs)
has a distinct influence with respect to urbanization. Therefore,
neglecting the footprint of the urban-rural fringe may lead to under-
estimating the impacts of urbanization on phenology (Liu et al., 2021;
Zhou et al., 2016b; Zhou et al., 2015). Following previous studies (Zhang
et al., 2004; Zhou et al., 2015), we tested the average extent of urban-
ization effects on vegetation phenology by delineating multiple ring
buffers, each of the same size as their associated urban areas. As shown
in Fig. 2, the mean phenological differences for the three phenological
indicators (see section 2.2.2) leveled off at buffer 4, which the critical
areas with the significant and detectable effect by urbanization. There-
fore, in this study, the areas affected by urbanization (i.e., urban-
affected areas) were excluded, and buffer 4 areas were chosen as non-
urban areas to reflect the background or baseline reference phenology
for each urban area. For consistency, we finally used the same urban
area and non-urban area to calculate the differences of three pheno-
logical indicators.

Fig. 3 provides the boundaries for the urban area, the urban-affected
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Fig. 2. The trends of average phenological differences from buffer 1 to 6 for
320 areas across China. Buffers 1 to 6 represented the distance away from urban
areas. /A\Py (i.e., /ASOSp, /\EOS,, /\GSLp) was defined as the phenological
differences between urban areas and each buffer.

area, and the non-urban area, using the Liwan District of Guangzhou city
as an example. A mean statistic is calculated for each urban and non-
urban area based on the pixel values from remote sensing-based
phenology indicators.

2.2.2. Vegetation phenology indicators

The vegetation phenology indicators were derived from MODIS Land
Cover Dynamic Yearly product (MCD12Q2). To avoid possible outliers
due to the selection of individual years, we have extracted remotely
sensed vegetation phenological information for a total of six years from
2014 to 2019, with a spatial resolution of 500 m and a temporal reso-
lution of years. For each vegetation transition dates were identified by
the extreme points of its curvature value change using a segmented
logistifunctionon that was fit to the MODIS two-band Enhanced Vege-
tation Index (EVI2) as the data source for a given year.

We focused on three remote sensing-based phenology indicators: the
start of the growing season (SOS), the end of the growing season (EOS),
and the growing season length (GSL). The SOS and EOS correspond to
the number of dates from the vegetation transition dates to January 1 of
the current year, and the GSL corresponds to the duration between EOS
and SOS in the current year. The MCD12Q2 dataset defines the data
when EVI2 first crossed 15% of the segment EVI2 amplitude as Greenup
and the date when EVI2 last crossed 15% of the segment EVI2 amplitude
as Dormancy, which corresponds the pixel values of SOS and EOS,
respectively. The pixel values of GSL were calculated by subtracting SOS
from EOS. For each pixel, the mean value of the sequence from 2014 to
2019 was calculated to avoid possible errors due to the selection of in-
dividual years (Li et al., 2017a). To reduce the uncertainties in vegeta-
tion phenology information due to the complexity of the urban
landscape, we excluded extreme pixels in remote sensing-phenology
data according to previous studies (Li et al., 2017a; Ren et al., 2018;
Zhang et al., 2022) and the phenological characteristics of China. Pixels
with SOS earlier than the 30th day of the year or later than the 180th day
of the year were excluded. Similarly, EOS was constrained to the 150th
and 350th of the year.

Further, considering the significant impacts of land cover types on
the phenology, especially for rapid urbanization areas in China could
increase uncertainties in detecting phenophases accurately. MODIS land
cover types data (MCD12Q1) were selected from the same archive with
vegetation phenology information for land cover change time series
analysis. Finally, about 8% of phenological pixels in which the land
cover types were inconsistent during the study period (2014-2019) were
excluded and assigned as no data.
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Fig. 3. The delineation of urban and non-urban areas, an example of Liwan District, Guangzhou city. The boundaries of different areas (a). The base map was a land-
use map from GlobeLand30 with a spatial resolution of 30 m (b) and a vegetation phenology (GSL) map with a spatial resolution of 500 m (c).

The SOS, EOS, and GSL for each year during 2014-2019 were
extracted to calculate annual averages to obtain three phenological in-
formation across China. The spatial patterns of vegetation phenology in
China was shown in Fig. 4.

In this study, we hypothesized that urban phenology differences
relative to non-urban areas are caused by urbanization. /AP was
calculated as the differences in vegetation phenology between urban
and its corresponding non-urban areas for each city (Eq. (1)).

AP =Py —Puy (€9)

where AP is the difference for each of the three phenology indicators, i.
e., /ASOS, /\EOS, and /\GSL, in each urban (P,) and non-urban area
(Puw)- A negative /\P indicates an advance of SOS or EOS and GSL
shorter in urban areas, while a positive /\P indicates a delay of SOS or
EOS and GSL longer in urban areas.

2.2.3. Statistical analysis

To explore the spatial variations of vegetation phenology caused by
urbanization in China, we quantified the differences in three phenology
indicators at national and regional scales. Ordinary least-squares (OLS)
regression and Paired t-test were used to test the relationship between
phenological differences in urban areas and non-urban areas. The sig-
nificance test determined whether the phenological differences were
statistically different from zero (i.e., whether the urbanization effect was

present), and whether there was a difference in vegetation phenology
across regions (Zhou et al., 2016b). In this study, the remote sensing data
were pre-processed in MODIS Reprojection Tool, the spatial analysis was
completed in ArcGIS 10.7, and the statistical analysis and significance
test was implemented in R 4.2.2.

2.3. Datasets

Multi-source remote sensing data and the division map of China were
used in this study. First, the urban patches in 2020 were extracted on
Artificial Surfaces from the GlobeLand 30 (https://www.globallandc
over.com/) with a spatial resolution of 30 m to identify the internal
landscape of urban areas more accurately (Chen et al., 2017; Shi et al.,
2016). Second, the 349 prefecture-level administrative divisions were
obtained from the national basic geographic information databases in
2021 to select the largest urban built-up patches (https://www.web-
map.cn/commres.do?method=result100W). Third, the remote sensing-
based vegetation phenology over 2014-2019 was derived from the
MODIS Land Cover Dynamic Yearly product (MCD12Q2) at 500 m
spatial resolution (https://search.earthdata.nasa.gov/) (Ganguly et al.,
2010; Gray et al., 2019), which can estimate phenological transition
dates on a global scale and has been validated in field observations and
used for regional studies (Li et al., 2017a; Yang et al., 2022; Zhang et al.,
2022; Zhang et al., 2004). Fourth, the land cover types data was derived
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Fig. 4. Spatial patterns of the average vegetation phenology in China over 2014-2019. The spatial mapping of SOS (a), EOS (b), and GSL (c). The empty areas were
assigned with no data, which represents the data gaps that are missing due to some reasons e.g., cloud cover or no vegetation, or several pixels that are excluded.
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from MODIS Land Cover data (MCD12Q1) over the same period with
phenological informations. (https://search.earthdata.nasa.gov/sear
ch/). Fifth, Chinese vegetation zones were provided by the Resources
and Environmental Sciences and Date Center, Chinese Academy of Sci-
ences (https://www.resdc.cn/data.aspx?DATAID=133). The study area
was divided into eight vegetation zones: Cold-temperate needleleaf
forest zone (CTN), Temperate mixed needleleaf and broadleaf deciduous
forest zone (TNB), Warm-temperate broadleaf deciduous forest zone
(WTB), Subtropical broadleaf evergreen forest zone (SBE), Tropical
monsoon rain forest and rain forest zone (TR), Temperate steppe zone
(TS), Temperate desert zone (TD), Tibetan plateau alpine vegetation
zone (TP).

3. Results

3.1. Vegetation phenology variation caused by urbanization at the
national scale in China

At the national scale, there were statistically significant differences
(P < 0.001) between urban and non-urban areas for all three phenology
indicators (i.e., SOS, EOS, and GSL) across the 320 urban areas in China
(Table 1).

The start of the growing season (SOS) was significantly advanced by
2.53 days in urban areas (t = -2.53, P < 0.001), with the average SOS in
urban areas of 102.34 DOY (i.e., in mid-April), while that of non-urban
areas was 104.88 DOY. This average masks considerable regional dif-
ferences. As shown in Fig. 5(b), the SOS exhibited a trend of advance in
214 out of 320 urban areas, with the largest advance of 22.9 days in
Lianyun District, WTB zone. However, the SOS was delayed in 106 urban
areas, mainly in TD zone and SBE zone, and only six cities were delayed
by more than 15 days, with the largest delay of 30.4 days in Duzishan
District, TD zone.

The end of the growing season (EOS) was significantly delayed in
urban areas by 6.72 days on average (t = 6.72, P < 0.001), with the
average EOS in urban areas of 297.15 DOY (i.e., in late October),
compared with that of non-urban areas of 290.43 DOY. As with SOS, this
average masks considerable regional differences in EOS. As shown in
Fig. 5(d), the EOS showed a delay in 237 out of 320 urban areas, with 37
urban areas delayed by 25 days or more, mainly in the SBE zone, with
the largest delay of 55.51 days in Youjiang District, SBE zone.
Conversely, the EOS was advanced in 83 urban areas, with the largest
advance of 54.80 days in the Lianyun District, WTB zone.

With changes in SOS and EOS, the growing season length (GSL) was
also altered. GSL was significantly extended in urban areas (t = 9.25, P
< 0.001), the average GSL in urban areas was 197.01 days, longer than
the 187.77 days in non-urban areas. Consequently, GSL was extended on
average by 9.25 days in urban areas. The average masks considerable
differences between regions. As shown in Fig. 5(f), the GSL was longer in
226 out of 320 urban areas, with 59 urban areas showing a longer GSL
than 25 days, mainly in the SBE zone and TR zone. The longest extension
to GSL was 63.72 days in Youjiang District, SBE zone. However, the GSL
was shorter in 94 urban areas, with the greatest advancement being
39.62 days in Duzishan District, TD zone.
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3.2. Variation in vegetation phenology due to urbanization in different
vegetation zones in China

At the regional scale, there was spatial heterogeneity of vegetation
phenology changes caused by urbanization varies across the seven
vegetation zones (Table 2).

SOS differences (i.e., /\SOS) were significant (P < 0.01) in three
vegetation zones across China (Fig. 6), including SBE zone, TD zone, and
TNB zone, while no significant differences were found in the other four
zones. Specifically, the average SOS in SBE zone and TNB zone was
advanced by 2.67 days (P < 0.05) and 6.21 days (P < 0.001), respec-
tively. By contrast, the average SOS in TD zone showed the largest delay
with an average of 9.46 days (P < 0.001), with 18 out of 20 cities having
a delayed SOS in urban areas.

EOS differences (i.e., /AEOS) were significant (P < 0.05) in three
vegetation zones across China (Fig. 7), including SBE zone, TR zone, and
TNB zone, while no significant differences were found in the other four
zones. Specifically, the average EOS in SBE zone showed the largest
delay with an average of 13.42 days (P < 0.001), with 128 out of 149
cities having a delayed EOS in urban areas. The average EOS in TNB
zone was delayed by 4.82 days (P < 0.05). By contrast, the average EOS
in TR zone was advanced by 0.96 days (P < 0.001), with 8 out of 11
cities having an advanced EOS in urban areas.

GSL differences (i.e., /AGSL) were significant (P < 0.05) in three
vegetation zones across China (Fig. 8), while no significant differences
were found in the other four zones. Specifically, the average GSL in SBE
zone showed the largest extension with an average of 16.38 days (P <
0.001), with 125 out of 149 cities having a delayed EOS in urban areas.
The average GSL in TNB zone was extended by 11.27 days (P < 0.05). By
contrast, the average GSL in TR zone was shortened by 5.07 days (P <
0.001), and all urban areas in this zone had a shorten GSL.

4. Discussion

4.1. Spatial heterogeneity of vegetation phenology caused by urbanization
in China

By contrasting vegetation phenology in urban and non-urban areas,
we demonstrate a statistically significant difference in vegetation
phenology across China and have quantified vegetation phenology
changes caused by urbanization. The predominant effect was that the
phenological cycle in urban areas started earlier and ended later, and the
growing season length was longer, consistent with previous findings in
the conterminous United States (Li et al., 2017a; Meng et al., 2020) and
China (Ren et al., 2018). However, we found that both the direction and
magnitude of phenological change varied in different vegetation zones
in China. For example, the TD zone showed an opposite change pattern
as that of the national scale, where the phenological cycle started later
(/\SOS = 9.46) and ended earlier (/\EOS = -6.38), resulting in a shorter
growing season length. These opposite change patterns in some urban
areas might be attributed to their heterogeneous local conditions (Li
et al.,, 2017a). In our study, the spatial heterogeneity of vegetation
phenology changes caused by urbanization varies across different zones
and was confirmed by the division of vegetation zones in China.

Table 1
Comparison of average vegetation phenology in urban and non-urban areas (n = 320), across all climate zones.
SOS (DOY) EOS (DOY) GSL(Days)
U-SOS NU-SOS /A\SOS U-EOS NU-EOS A\EOS U-GSL NU-GSL /A\GSL
Max 163.14 160.46 30.36 345.47 327.91 55.51 264.31 245.43 63.72
Min 48.74 61.54 -22.92 202.75 220.39 —54.80 125.40 129.17 —39.62
Mean 102.34 104.88 -2.53 297.15 290.43 6.72 197.01 187.77 9.25
Std 28.12 25.46 8.23 28.22 17.96 15.35 39.32 30.63 16.60
t-test —2.53%** 6.72%%% 9.95%**

Note: DOY refers to the growing date of the year; Days refers to the growing days of the year; *

*t-test results are Significant at the 0.001 level.
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Fig. 5. Comparison of the three phenology indicators between urban and non-urban areas at the national scale. The scatter shows the relationship between urban and
non-urban areas in SOS (a), EOS (c), and GSL (e); Gradient red points show that SOS or EOS is later or GSL is longer in the urban area; gradient green points show that
SOS or EOS is earlier or GSL shorter in the urban area. The gray dotted line indicates the 1:1 line, and the black solid line indicates the linear regression. The spatial
distribution mapping shows the difference between urban and non-urban areas in SOS (b), EOS (d), and GSL (f), by region. The dark colors indicate SOS or EOS is
later or GSL is longer in the urban area; the light colors indicate SOS or EOS is earlier or GSL shorter in the urban area. Note: *** indicates the results are significant at
0.001 level. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Comparison of phenological differences in seven vegetation zones.
/\SOS (days) /\EOS (days) /\GSL (days)
Max Min Mean Std Max Min Mean Std Max Min Mean Std
TNB (n =13) 13.80 —20.34 —6.21 10.07 7.55 —2.45 4.82 2.74 22.58 —6.03 11.03 10.13
WTB (n = 92) 14.22 -22.92 —6.13 7.31 22.82 —54.80 —2.45 14.13 29.47 -32.92 3.68 11.90
SBE (n = 149) 20.24 —18.37 —-2.67 6.49 55.51 -33.97 13.42 15.53 63.72 —38.26 16.09 16.76
TP (n = 5). 13.19 —-2.31 5.48 5.99 20.63 —6.11 8.66 8.62 25.98 —9.04 3.18 12.79
TR (n=11) 9.31 -12.02 —-2.02 7.28 30.31 —31.41 —0.96 17.40 13.49 —29.64 1.06 13.58
TS (n = 30) 18.33 —13.36 1.27 8.87 27.12 —-9.13 14.12 12.96 41.71 2.00 12.85 12.07
TD (n = 20) 30.36 —-0.87 9.46 24.48 —11.42 3.65 —6.38 9.94 18.48 —39.62 —15.84 14.63
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Fig. 6. SOS at different vegetation zones in urban and non-urban areas. Note: ns indicates the results are nonsignificant, **indicates the results are significant at the
0.01 level, *** indicates the results are significant at the 0.001 level; n indicates the number of area samples for each zone.
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Fig. 7. EOS at different vegetation zones in urban and non-urban areas. Note: ns indicates the results are nonsignificant, *** indicates the results are significant at the

0.001 level; n indicates the number of area samples for each zone.

Specifically, none of the phenological indicators in the TS zone, WTB growing conditions and physiological characteristics of the species
zone, and the TP zone showed significant differences (P > 0.05) between (Jochner and Menzel, 2015). In addition, when we excluded areas with
urban and non-urban areas, which may be related to the zones-specific inconsistent land cover due to rapid urbanization during the study
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GSL between urban and nonurban areas
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Fig. 8. GSL at different vegetation zones in urban and non-urban areas. Note: ns indicates the results are nonsignificant, * indicates the results are significant at the
0.05 level, **indicates the results are significant at the 0.01 level, *** indicates the results are significant at the 0.001 level; n indicates the number of area samples for

each zone.

period, the WTB zones with higher urban density and more extensive
arable land showed no significance differences, which may be related to
land cover noise. The land cover change should not be ignored in de-
tections of the differences in phenology between urban and non-urban
areas, considering the rapid urbanization in China and the significant
impacts of land cover types on the phenology. Furthermore, the signif-
icance of phenological differences in the same zone varied for three
phenological indicators, possibly indicating that each vegetation growth
period was controlled by distinct factors (Zhou et al., 2016b).

4.2. Potential driving factors of urbanization on vegetation phenology in
China

Urbanization may increase or inhibit vegetation growth, thereby
impacting vegetation phenology. The effect of urbanization on vegeta-
tion phenology and its spatial changes can be attributed to many con-
founding factors. Previous studies have shown that temperature explains
more than two-thirds of the variation in phenological start dates
(Jochner and Menzel, 2015; Menzel and Fabian, 1999). Studies have
reported that urban warming advances the start of the growing season
(SOS) (Meng et al., 2020) and leads to shorter vegetation growing sea-
sons (GSL) (Kabano et al., 2021). The difference between surface tem-
perature in urban and rural areas (i.e., urban heat island intensity) was
significantly correlated with the urban-rural phenology. Meanwhile,
some sampling experiments or remote sensing observations have re-
ported that exposure to the presence of aerosols and air pollutants has
adverse effects on vegetation phenology (Honour et al., 2009). In
addition to the impacts of anthropogenic activities, changes in the nat-
ural surface caused by urbanization in specific cities can also alter local
microclimate conditions, which act as an important factor in vegetation
phenology changes (D’odorico et al., 2013; Robitu et al., 2006). The
replacement of vegetation for impervious surfaces may promote the
creation of an urban microclimate through a variety of processes (Duarte
et al., 2015), such as more sensible heat flux (Avissar and Mahrer, 1982),
lack of daylight (Sternberg et al., 2011) as well as changes in humidity
(Kottner et al., 2018) in urban canyons and near-surface atmospheres.
Altering energy balance can indeed influence urban phenological
behavior at the local scale. However, Buyantuyev and Wu (Buyantuyev
and Wu, 2012) found a complex phenology change that is not syn-
chronized with climate variability, providing evidence that socioeco-
nomic factors also drive vegetation phenology changes. For example,
increasing population pressures (Li et al., 2019), Gross Domestic Product

growth (Zhang et al., 2021), and livestock density (Venkatesh et al.,
2022) are often associated with vegetation phenology changes in spe-
cific regions. Furthermore, differences in vegetation phenology between
urban and the surrounding area may also be caused by the diversity of
the vegetation types (Li et al., 2017a). Urbanization can strongly alter
phenological characteristics through urban greening with exotic species
and human management practices and is therefore more manipulated by
human activities than the natural vegetation in non-urban areas. Over-
all, vegetation phenology in urban environments appears to be driven by
a variety of factors, and these influences may vary in different
geographical regions. At present, detailed investigations of the driving
mechanism of vegetation phenological differences caused by urbaniza-
tion have not been explored through the coupling of climate variability
and socioeconomic trends in the urbanization process, which is a
knowledge gap that should be addressed.

4.3. Limitations and uncertainties

There are some limitations in this study. Firstly, cropland was not
excluded from our study since most cities are mainly surrounded by
agricultural land during the urbanization process in China (Zhou et al.,
2016a). While the phenology of cropland is usually affected by crop type
and human management (Buyantuyev and Wu, 2012; Zhou et al.,
2016Db), resulting in uncertainties from cropland-phenological values in
non-urban areas. Secondly, although MCD12Q2 datasets have been
widely used for urban phenology studies, results derived from these
relatively coarse spatial resolution datasets may not be suitable to cap-
ture vegetation phenological information in heterogeneous urban sur-
faces with sparse and highly mixed vegetation coverage (Li et al., 2017b;
Sohl et al., 2007; Yu et al., 2014). Thirdly, our study focuses on the
differences in vegetation phenology changes at large scales and thus
neglected the species-specific detail for each area, which may result in
some uncertainties (Li et al., 2019; Li et al., 2017a). It might be neces-
sary to further combine high-resolution satellite data and ground ob-
servations to provide more detailed spatial information in the urban
environment.

5. Conclusions

Our study provided a quantitative analysis of the spatial heteroge-
neity of urbanization-induced vegetation phenology in 320 urban areas
across China at a national and vegetation zones scales, using three
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phenological indicators derived from continuous remote sensing data
(MODIS MCD12Q2). At the national scale, the vegetation phenology had
a statistically significant difference between urban and its corresponding
non-urban areas: the SOS was significantly advanced by an averaged of
1.95 days, while the EOS was significantly delayed by 4.49 days in urban
areas. The GSL was significantly extended by 6.44 days in urban areas.
However, there is a spatial variation in the phenological differences
across cities in the different vegetation zones in China. The SOS differ-
ences between urban and its corresponding non-urban areas were sig-
nificant in SBE zone, TD zone, and TS zone. The EOS differences were
significant in TNB zone and WTB zone. The GSL differences were sig-
nificant in five vegetation zones across China, except in the TR and TP
zones. Specifically, none of the phenological indicators in TR zone and
TP zone showed significant differences. In the future, exploring the
spatial and temporal patterns of vegetation phenology and their
response mechanisms under regional urbanization factors is needed, to
provide scientific and technological support for regional and urban re-
sponses to future warming and rational urban green space planning.
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