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Urbanization effects on the spatial
patterns of spring vegetation phenology

depend on the climatic background

Abstract:

Urbanization is one of the most severe human interventions that alter the natural ecosystem
and lead to various environmental changes. Spring vegetation phenology (i.e., leaf unfolding)
has been emphasized as an important indicator to observe changes in the Earth's climate
system. The earlier initiation of leaf unfolding responses to physical urban warming has been
reported, but no detailed quantification of urbanization and climatic peculiarities effects on
spring phenology for the rural-urban ecosystem. Here, we employ impervious surface area
percentage as a metric of urbanization level and link geographical climate constraints with
plant phenology to investigate how leaf unfolding shifts in response to different urban
environments and climatic peculiarities. Our results suggest that the urbanization-induced
urban heat island (UHI) effects cause the advancement of leaf unfolding, and this advanced
trend varies across different climate zones. The leaf unfolding time is highly linearly
correlated with urbanization levels at China's mid-latitudes (around 30 °C), where the climate
(temperature and humidity) is moderate. Regionally, the leaf unfolding timing is north-south
symmetrical for the rural-urban phenology on the national scale. Divergent requirements of
chilling accumulation, high forcing temperatures, and plants adaption ability jointly drive this
phenomenon. As the UHI effects and climatic peculiarities are discernible in plant
populations in the rural-urban ecosystem, understanding the general phenology responses to
climatic environment changes in the integral rural-urban system will have implications for the
climate change impact on ecosystems globally.

Keywords:
Leaf unfolding; rural-urban ecosystem; climate; urban heat island; remote sensing
1. Introduction

Global warming is accelerating rapidly due to the rising emissions of greenhouse gases from
the intensifying urbanization (Latif & Keenlyside, 2009; Trenberth et al., 2015; Xu et al., 2018).
Extreme weather events consequently accompanied by global warming are frequently
emerging (Coumou & Rahmstorf, 2012; Diffenbaugh et al., 2017; Field & Barros, 2014;
Trenberth et al., 2015), which could substantially reshape the ecological resilience (Field &
Barros, 2014), e.g., influence on ecological community (Allen et al., 2014; Griggs & Noguer,
2002; Ogunbode et al., 2020) and the diversity of ecosystems and species (Bakkenes et al.,
2002; Watson, 1996; Woodward & Woodward, 1987). As the Intergovernmental Panel on
Climate Change (IPCC) has reported, maintaining and limiting global warming of 1.5 °C is
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vital (Masson-Delmotte et al., 2018). So, it is necessary to efficiently make use of reliable
observations to indicate and evaluate the impact of climate change on a large scale.

Plants can respond to climate change by shifting their phenological time correspondingly.
Particularly, leaf unfolding, sensitive to the cumulative effects of temperature over a period
(Badeck et al., 2004; Korner & Basler, 2010; Myneni et al., 1997; Pefiuelas & Filella, 2001), is a
widely-used diagnostic indicator of global climate change (Morisette et al., 2009; Parmesan &
Yohe, 2003; Schwartz et al., 2006). Although researchers have used numerous techniques to
observe the phenological changes for plants, such as in-situ observations for individual
species (Menzel et al., 2006; Walther et al., 2002) and networked digital cameras (e.g.,
PhenoCam) (Graham et al., 2010; Keenan et al., 2014; Richardson et al., 2009), the investigation
of an environmental change on vegetation phenology requires repeated measurements over a
large area and a long period (Morecroft & Keith, 2009). Such need is partially addressed by the
rapid development of remote sensing technology that has offered possibilities to monitor plant
phenology across broad spatiotemporal scales (Pettorelli et al., 2005; Piao et al., 2019; Zhang et
al., 2003). Climate change is thus detectable through the remotely sensed phenological
observations in tracking rapid global warming.

Urban, one of the most rapid types of land cover change, is the main driver for environmental
changes across scales (Gao & O’Neill, 2020). It is a natural laboratory providing complicated
environmental conditions associated with human activities, which can predict ecosystem
sustainability under extreme climate events caused by global warming (Zhao et al., 2016). The
distinct changes in the land surface caused by the urbanization process modified the regional
climate properties, making urban experience higher temperatures than rural areas, known as
the urban heat island (UHI) effect (Landsberg, 1981). Such temperature changes can
significantly influence the physical environment of plants and, thus, shift their phenological
time.

The phenological events are feedback from the multiple and intricate links between the
ecosystem and climate system. Global climate change could change the leaf unfolding date of
plants via temperature (Cleland et al., 2007). Those changes in spring vegetation phenology
can physically modify the surface energy balance and bring challenges in ecological
circulation regimes (Morisette et al., 2009). Climate change also impacts the leaf unfolding
date, extending or narrowing the growing season length, thus influencing the carbon uptake in
the terrestrial ecosystem (Gu et al., 2003; Piao et al., 2017; Richardson et al., 2009).
Additionally, global warming and resultant earlier occurrence of flowering can increase the
risk of pollen-induced allergy and affect public health (Li et al., 2019). As plant phenology
integrates the interaction between climate and biosphere (Foley et al., 1996; Hufkens et al.,
2018; Morisette et al., 2009), documenting and evaluating the effects of climate change on
plant phenology can provide supportive understandings in predicting biological responses to
future climate scenarios (Schwartz et al., 2006).

Numerous studies have used various datasets nationally or based on city scales to discuss the
phenological difference between urban and rural counterparts during the last several decades
(Jia et al., 2021; Meng et al., 2020; Zhang et al., 2004; Zhao et al., 2016; Zhou et al., 2016).
However, these efforts only focused on the local temperature attribution (UHI effects) to this
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difference rather than geographically climatic peculiarities in terms of the scale of rural-urban
ecosystems. Also, they lacked trends depicting the detailed phenological response along the
rural-urban gradients so that the interaction between phenology and urbanization cannot be
fully assessed. Most importantly, the definition between rural and urban is unclear, leading to
differences in rural and urban phenological calculations between studies. For example, the
land use percentage of urban was used to define the rural (less than 1%) and urban areas
(more than 50%) (Jia et al., 2021), while in another study, 20-25 km buffer from the urban
edge was regarded as rural areas (Zhou et al., 2016). Furthermore, those previous studies did
not exclude crop influence, which can significantly contribute to the rural-urban phenological
difference. While the causal link between temperature and phenology is conceptually
straightforward and the global climate warming and UHI effects at the regional scale are well
documented (Jin et al., 2005; Solecki et al., 2005; Yang et al., 2011), the potentially mutual
effects on urbanization, climate change, and spring phenology are less understood. China has
undergone extensive land cover/land-use change rapidly and spans several climate zones,
providing an excellent opportunity to explore the interplay between urbanization, phenology,
and climate change.

In this study, we used impervious surface area (ISA) percentage as an indicator of
urbanization level, combining urbanization-related land surface temperature (LST) and air
temperature, under the regionally climatic constraints of temperature and humidity, to answer
the following questions at spatial resolution and extents relevant to mesoscale: (1) How does
plant spring phenology respond to different levels of urbanization? (2) How do climatic
peculiarities impact the spring phenology in the rural-urban ecosystem? (3) What is the
mechanism behind the interplay among urbanization, climate change, and spring phenology?

2. Materials
2.1 Study area

We studied the whole territory of China, covering a total of 347 cities (including major
counties) across ten climatic diversity zones (Figure 1). The climate zone dataset was
obtained from the Resource and Environment Science and Data Center (RESDC) of the
Chinese Academy of Science (CAS) (https://www.resdc.cn/). We statistically analyzed the
thermal difference between rural and urban through all cities in China to investigate the
urbanization effects on leaf unfolding across various climate zones and 32 major cities
(municipalities and provincial capitals), the most highly urbanized regions in China.


https://www.resdc.cn/

111

112
113
114
115
116
117

118

119
120
121
122
123
124
125
126
127
128

129

130
131
132
133
134

A o0~ 70° 80° 90° 100° 10° 120° 130° 140° 150°

40°
40°

30°
30°

20°
20°

80° 90° 100° )
0 650 1,300km * B e 1% T 100%

provincial capitals CTH MTH WTA WTSA WTSH NSTH MSH sSTH TH PSH ISA%

Figure 1. The distribution of climate zones and impervious surface area (ISA) percentage in
China. CTH, cold temperate & humid zone; MTH, mid-temperate & humid zone; WTA, warm
temperate & arid zone; WTSA, warm temperate & semi-arid zone; WTSH, warm temperate &
semi-humid zone; NSTH, northern subtropical & humid zone, MSH, mid-subtropical & humid
zone; SSTH, southern subtropical & humid zone; TH, tropical & humid zone; PSH, plateau &

semi-humid zone.
2.2 Remotely sensed leaf unfolding dates

We obtained phenological observations from VIIRS (Visible Infrared Imaging Radiometer
Suite) Global Land Surface Phenology Product (GLSP) (VNP22Q2, Collection 1), which uses
a hybrid piecewise logistic function to track the phenological transition dates by the two-band
enhanced vegetation index (EVI2) (X. Zhang et al., 2018). The VIIRS phenology dataset has
been evaluated using four datasets at different scales (i.e., the national phenological networks,
the Landsat, MODIS, and PhenoCam observations), suggesting this dataset can precisely
characterize the phenological dynamics and changes (Zhang et al., 2018). We converted the
raw record to the day of the year (DOY) and defined the onset time of greenness increase as
leaf unfolding date at which the EVI2 value close to the minimum greenness during a

growing season.
2.3 Urbanization level indicated by ISA data

We derived the grid-scale (1km) urbanization level using the global artificial impervious area
(GAIA) data. The GAIA data were generated using the full archive of Landsat images with a
spatial resolution of 30 m (Gong et al., 2020). The mean overall accuracy of GAIA is above
90%, and the urban expansion in GAIA is temporally consistent (Li et al., 2015). To match the
resolution with other datasets, we aggregated the GAIA data to 1km in the proportional form
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of ISA as a proxy to quantitatively characterize urbanization levels.
2.4 Temperature datasets

We derived the LST data from the Moderate Resolution Imaging Spectroradiometer (MODIS)
LST product with a spatial resolution of lkm as the forcing temperature driving leaf
unfolding. Cloudy observations in the LST product were excluded before the analyses. Here,
we preferred LST over air temperature as a driving force behind leaf unfolding for two
reasons. First, the LST is tightly correlated with urbanization (Imhoff et al., 2010) and is
significantly related to spring phenology (Zhou et al., 2016). Second, the spatial resolution of
available daily air temperature data is relatively coarse (e.g., 10km) (He et al., 2020), making
it difficult to reflect vegetation phenology differences along the rural-urban gradient.

The air temperature plays an essential role in determining the dormancy release and leaf
unfolding. To acquire background temperature for calculating chilling requirements before
leaf unfolding, we obtained the daily mean air temperature with a spatial resolution of 0.1°
(around 10km) from the China Meteorological Forcing Dataset (Yang & He, 2019). However,
we did not calculate the chilling requirement for leaf unfolding under each urbanization
gradient due to its relatively coarse spatial resolution. Instead, we applied air temperature
rather than LST to explore the physical process-based mechanism behind the phenological
leaf unfolding across different climate zones because numerous studies have already
suggested the optimal air temperature range for leaf unfolding to meet the chilling
requirement (Coville, 1920). Given that there are distinct divergences between LST and air
temperature (Benali et al., 2012) and no relative existing experiments have proposed the
proper range for LST to calculate the chilling requirement, we did not use LST to calculate
chilling requirements along the rural-urban gradient.

2.5 Auxiliary data and preprocessing

Before analyzing, we abated the effect of cropland and water on rural-urban phenological leaf
unfolding. We used the Climate Change Initiative land cover (CCI-LC) data with a spatial
resolution of 300 m that was released by the FEuropean Space Agency (ESA)
(https://www.esa-landcover-cci.org/). We selected the CCI- LC types labeled with cropland
(rainfed cropland, irrigated or post-flooding cropland, and mosaic cropland greater than 50%)
and water to aggregate them to 1 km resolution in the form of proportions of crop area and
water area and removed the pixels with proportions above 50% of cropland and water in our
analyses. Furthermore, we aggregated all sets of datasets (except for the air temperature) into
1 km to match the resolution of LST. We chose the period from 2013 to 2018 that are
available by all the datasets as our study time scope and then calculated the mean over six-
year to minimize the effects of outlier observations. Besides, another reason for taking mean
is that our primary goal is to examine the geospatial, not temporal, effect of rural-urban
gradients of leaf unfolding.

3. Methods
3.1 Variable control: temperature and humidity

We controlled the environmental variables (temperature, humidity, and vegetation types) that
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may influence the phenological leaf unfolding in our analyses. We used the Eco-geographical
division criteria provided by the RESDC to split the climatic zones into subordinate
categories according to temperature, humidity, and vegetation types. In total, we categorized
China into ten climate zones (Table 1). Additionally, we merged climate zones and renamed
their labels with the same name as the zone with the largest proportions of ISA. For example,
we combined all humidity belts in the plateau and named it the plateau semi-humid zone
(PSH) because most of the ISA locations belong to the semi-humid attribute, so do the mid-
temperate humid and warm temperate semi-humid zone. Thus, we have ensured the
homogeneity and uniformity of climatic peculiarities for each local-scale region regarding
their temperature, humidity, and vegetation types by controlling the variables. We assumed
that other factors (e.g., soil characteristics, sunlight time) are similar within each climate
zone. Thus, changes in leaf unfolding date are likely mainly determined by the urbanization-
induced UHI effect.

Table 1. Climate zones for vegetation spring phenology analysis in the rural-urban ecosystem.

N N - Days > 10°C Accumulatedo L
ame Climatic Humidity (days) temperatgre (>10°C) Drying index
(W9
CTH Cold temperate humid <100 <1600 0.50 ~0.99
MTH Mid-temperate humid 100 ~ 170 1600 ~ 3200 (3400) 0.50 ~0.99
WTSH Warm temperate semi-humid 171 ~220 3200 ~ 4500 (4800) 1.00 ~ 1.49
WTSA Warm temperate semi-arid 171 ~ 220 3200 ~ 4500 (4800) 1.5~4.00
WTA Warm temperate arid 171 ~ 220 3200 ~ 4500 (4800) >4.00
NSH Northern subtropical humid 220~239 4500 ~ 5100 (5300) 0.50 ~0.99
MSH Mid-subtropical humid 240 ~ 285 5100 (5300) ~ 6400 (6500) 0.50 ~0.99
SSH South-subtropical humid 286 ~ 365 6400 (6500) ~ 8000 0.50 ~0.99
TH Tropical humid 365 8000 ~ 9000 0.50 ~0.99
PSH Plateau semi-humid 50 ~120 — 1.50 ~5.00

3.2 Urbanization effect on leaf unfolding

To explore the effect of urbanization on phenological leaf unfolding, we performed the linear
regression analysis (Eq 1) of the leaf unfolding dates against ISA over China's whole territory
and across different climatic zones.

Diy= By ISA+ ¢ (1)
where Dy is the leaf unfolding day, S,y is the coefficient (days per 1% ISA) representing the
phenological response to the urbanization level, € is the leaf unfolding day in the rural area.

3.3 The response of leaf unfolding to LST

We analyzed the sensitivity of leaf unfolding date to LST through the linear regression
approach (Eq 2). Given that the temperature is the most important trigger of spring phenology
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(Friedl et al.,, 2014) and the timing of leaf unfolding varies across spaces, the spring
temperatures that are closely related to phenology are different across regions. Hence, we
defined the spring temperature as the mean temperature within their specified periods from
the earliest to the latest occurrence of leaf unfolding in each zone (Table S1). In addition, to
quantify the urbanization effect on spring phenology, we compared the difference of LST
between the rural (ISA<5%) and urban (ISA>85%) for all the cities and major counties in
China.

Dy = Brv LST + ¢ (2)
where Dy is the leaf unfolding day, Brpy is the coefficient (days per 1% LST) representing
the phenological response to the LST along the rural-urban gradient, € is the initial LST in the
rural area.

3.4 Leaf unfolding with chilling accumulation

We calculated the chilling requirement to physically understand the reason behind the
difference of leaf unfolding across climate zones. Previous studies have suggested that the air
temperature between 0 °C and 5 °C is optimal for the chilling requirement (Coville, 1920). We
calculated the average chilling accumulation days per pixel from 1 November in the year
before leaf unfolding to the minimum date of leaf unfolding for each climate zone,
respectively (see Eqs. 3-4).

_oetfl, if0OLST, <5
CDreq(t) = Ztéu{o, otherwifse 3)
— _ 21 Sen
D(®) = Siws,., (4)

where €D, is the chilling accumulation days, t;y is the day of leaf unfolding, T is the daily
mean air temperature on day t, and is the start date for chilling accumulation; D is the average
chilling accumulation days per 1% ISA, S¢p(; is the sum of chilling accumulation days for
the i;p, ISA interval, Scp(;y 1s the sum of pixel numbers for the iy, ISA interval.

4. Results

4.1 Urbanization effects on the spring phenology

The leaf unfolding dates advance as the percentage of ISA increases, indicating that
urbanization is altering environmental factors that may be crucial to vegetation growth
(Figure 2). Although the overall phenological leaf unfolding patterns through the rural-urban
gradient from 2013 to 2018 are similar, there are no distinct temporal correlations, perhaps
due to limited numbers of available remotely sensed datasets. Previous studies also supported
this finding, though they studied North America (Reed, 2006; White, 2009), which are likely
associated with large interannual variations of phenology (Liu & Zhang, 2020). The leaf
unfolding dates become earlier along the rural-urban gradient for all six years, suggesting a
significant phenology difference between rural and urban areas. Hence, we focused on the
average of six-year observations to explain the relationship between leaf unfolding and
urbanization.

Contrary to common sense, we also noticed that leaf unfolding shows a delaying trend over
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the high urbanization level (started from the 85% ISA). We hypothetically proposed that the
national pattern of phenological leaf unfolding is attributed to the multi-regional
heterogeneity with diverse climatic peculiarities. The phenological leaf unfolding depends on
various environmental variables such as temperature, precipitation, photoperiod, and species
(Way et al., 2015). Therefore, the entire national pattern of urban phenology, consisting of
various regions of heterogeneous phenological features, is unlikely to be a proxy that
accurately captures the characteristics of local regions.
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Figure 2. The response of leaf unfolding to urbanization levels indicated by ISA along the
rural-urban gradients from 2013 to 2018. The solid black line indicates the averaged pattern
across all years, and the grey area indicates uncertainty regions with one standard deviation on
either side of the mean.

4.2 Response of spring vegetation phenology to urbanization over various climate zones

At the regional scale with different climatic peculiarities, we found that the phenological leaf
unfolding exhibits divergent responses to the urbanization in different climate zones (Figure
3). The leaf unfolding dates in different climate zones contribute differently to the overall
trend across China. For instance, some climate zones (e.g., WTSH, MSH, and NSTH zones)
are earlier than the national average, while others (e.g., MTH, WTA, WTSA, and SSTH
zones) are later. We also noticed that the leaf unfolding dates negatively correlate with
urbanization for most climate zones, indicating the urbanization advances the date of leaf
unfolding in general (Figure 3a). WTSA is an exception to this general pattern. Given that its
topography is the hilly loess plateau, variables other than temperature, humidity, and
vegetation types may account for the distinct pattern. The pattern between leaf unfolding and
urbanization in the CTH and TH zones located in the northernmost and southernmost of
China statistically exhibit less evident linear relationship, so does the plateau zone (Figure
3b).
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Figure 3. The response of leaf unfolding to urbanization levels along the rural-urban
gradients in each climate zone. The linear relationship between leaf unfolding and urbanization
levels in seven climate zones (a). The back line and solid triangle indicate the average results for
the whole China mainland. Results in the remaining three zones are presented in (b). The solid
black triangle indicates positive values. The asterisk indicates the omitted decimal. Notes:
WTSA, warm temperate & semi-arid zone; WTSH, warm temperate & semi-humid zone; NSTH,
northern subtropical & humid zone, MSH, mid-subtropical & humid zone; SSTH, southern
subtropical & humid zone.

Mild temperature and moist environment can depict the relationship between phenological
leaf unfolding and urbanization level (i.e., ISA) in a linear manner (Figure 4). The results
show that the linear correlation coefficient between the leaf unfolding date and ISA in the
climate zones with mild temperature environments is greater than the zones with relatively
colder and warmer temperatures, related to latitude (see the red frame in Figure 4). The linear
correlation decreases from mid-latitude to the low and high-latitude regions of China,
respectively. The humidity also plays an important part in the response of leaf unfolding to
the urbanization (i.e., ISA) when the temperature is similar (see the blue frame in Figure 4).
In the same warm temperate zone, we found that the linear correlation between leaf unfolding
date and urbanization level is more robust in the humid environment than in the arid.
However, this pattern does not suit for explaining the phenomena in the PSH zone.
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Figure 4. The linear correlation coefficient between leaf unfolding and urbanization degrees
for each climate zone. The dot color represents the linear correlation coefficient. The horizontal
dotted line with arrows indicates the humidity levels, and the vertical indicates the temperature
levels.

We also discovered that urban vegetation's phenological leaf unfolding date is related to the
temperature and latitude (Figure 5). The earliest leaf unfolding dates occurred at the mid-
latitude climate zone (NSH). Afterward, the leaf unfolding date shows a delaying trend
toward the low and high-latitude except for relatively colder (CTH and PSH) and warmer
climate zone (TH). This trend is latitudinally symmetrical in the mainland of China, on which
most climate zones agree, yet other zones such as WTSA, TH, and PSH exhibit reverse.
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Figure 5. The average time of leaf unfolding across different climate zones. The box color
represents the background climate. The green filled color indicates the medium DOY of leaf
unfolding. The green line indicates the timing trend of the leaf unfolding. The central marks
indicate the median, and the bottom and top edges of boxes indicate the 25" and 75 percentiles,
respectively. The whiskers extend to the most extreme data points not considered outliers, and the
outliers are plotted individually using the '+' symbol. Notes: CTH, cold temperate & humid zone;
PSH, plateau & semi-humid zone; MTH, Mid-temperate & humid zone; WTA, warm temperate &
arid zone; WTSA, warm temperate & semi-arid zone; WTSH, warm temperate & semi-humid
zone; NSTH, northern subtropical & humid zone, MSH, mid-subtropical & humid zone; SSTH,
southern subtropical & humid zone; TH, tropical & humid zone.

4.3 Phenological temperature sensitivity

After adding the temperature variable, we found that phenological leaf unfolding dates are
negatively correlated with the LST (Figure 6). There is a significant difference in LST
between the rural and urban areas, and this finding is pretty robust across different years
(Figure S1). Therefore, the advancement of leaf unfolding caused by urbanization results
from the gradually increased LST from rural to urban. In general, the sensitivity of the leaf
unfolding date to LST is about 7.8 days/°C. However, the magnitude of this advancement
decreases as the increase in LST (the linear regression line is above the dotted grey line)
along the rural-urban gradients, suggesting the weakened response of the leaf unfolding to
environmental warming.
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Figure 6. Change of leaf unfolding with the increase of LST with diverse urbanization levels
indicated by ISA. Point color represents background LST. The solid black line indicates the
linear relationship between leaf unfolding and LST along the rural-urban gradients. The dotted
grey line represents the 1: 1 line. The histogram indicates the LST difference between rural (i.e.,
ISA < 5%) and urban (i.e., ISA > 85%) in 347 cities. The asterisk indicates a significant level with
a P-value below 0.01.

On the national scale, the time of leaf unfolding is distributed differently along the rural-urban
gradient (Figure 7). It exhibits similarities and homogeneity in the environment of high-
degree urbanization, which is symmetrical around the only central peak and tapes off equally
in both directions. However, the responding LST to leaf unfolding changes heterogeneously,
assumably suggesting the LST caused by the complex urban environments do not necessarily
affect spring phenology much. For the rural regions, the time of leaf unfolding distributes
inhomogeneously, intensively around DOY ranges between 110 DOY and 155 DOY. Its
corresponding LST is relatively low in the peaks of bimodal normal distribution compared to
those in the high-urbanization degree. We also noticed that pixels with DOY range between
110 and 155 decreases from rural to urban, while the number of pixels with DOY centered
around 75 increases, which can be elucidated by either the changes of vegetation types or the

adaptative capability plants.
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Figure 7. The distribution of leaf unfolding and LST per 5% ISA interval. Point color
represents background LST. The dotted lines indicate the three (i.e., 75, 110, and 115) most
clustered distributions of leaf unfolding time.

Even though the leaf unfolding date, ISA percentage, and LST are highly related on the
national scale, their correlations vary with climate zones (Figure 8). The linear correlations
among those three variables are still strong in the climate zones with proper temperature and
humidity, while other climate zones with relatively colder or warmer environments exhibit
divergently (Figure 8a). For instance, the UHI effect induced by urbanization is unobservable
in the PSH and CTH zone, where the urbanization does not advance phenological leaf
unfolding dates (Figure 8, b-c). Although the LST increases from rural to urban in the TH
zone, the leaf unfolding date is independent of urbanization and LST (Figure 8d). Most
notably, the urban cold island (UCI) effect happens in the arid zones (WTSA and WTA),
where the LST increases along the rural-urban gradient. However, the leaf unfolding reacts
differently in these arid zones (Figure 8, e-f). Even though LST decreases in the WTSA zone
with the increase of ISA, the leaf unfolding date advances earlier in the urban core than in the
rural (Figure 8e). On the contrary, the WTA zone shows a delayed trend of leaf unfolding
date along the rural-urban gradient (Figure 8f).
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Figure 8. The response of leaf unfolding to LST along the rural-urban gradients in each
climate zone. a, climate zones with a linear relationship between leaf unfolding and LST. b-f, the
patterns of leaf unfolding, ISA, and LST in the plateau & semi-humid, cold temperate & humid,
tropical & humid, warm temperate & semi-arid and warm temperate and & arid, respectively. The
solid back line indicates the linear regression, and the dotted line indicates 50% ISA. Notes: PSH,
plateau & semi-humid zone; CTH, cold temperate & humid zone; TH, tropical & humid zone;
WTSA, warm temperate & semi-arid zone.

4.4 The requirements of chilling accumulation

The leaf unfolding, LST, and chilling accumulation are north-south symmetrical regarding the
rural-urban ecosystem for the humid and extratropical zones (Figure 9). The leaf unfolding
requires less chilling accumulation and higher spring forcing LST for leaf unfolding in the
north and south latitudes. In general, the climate zones with later leaf unfolding dates
averagely experience less chilling accumulation days and need high spring forcing
temperatures. In contrast, the middle latitudes of China have the maximum days of chilling
accumulation and minimum requirement of forcing temperature for leaf unfolding. This is
possible because the frequency of daily air temperature below 0 °C during the dormancy
gradually increases from the NSH to the MTH, reducing chilling accumulation. Similarly, the
number of days with temperatures above 5 °C increases from the NSH to the SSH, causing a
decrease in chilling.

There are two explanations for the latitudinal symmetry of response between leaf unfolding
and LST, one according to the chilling requirement and the other based on the strategy for
self-protection. The plants need to experience a certain amount of chilling accumulation
before sprouting leaves in the spring (Murray et al., 1989). In contrast, this chilling
requirement is hardly met sooner during the dormancy in the north and south of China, as
mentioned above. As a result, the delayed time of leaf unfolding and seasonal temperature
warming cause the increase of LST. The other is that plants may develop a protective
mechanism related to heat requirement (Harrington et al., 2010) and photoperiod (Koérner &
Basler, 2010) to reduce the risk of frost caused by climate fluctuation. Specifically, as the
extreme climatic events have significantly increased (Rahmstorf & Coumou, 2011), plants will
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not start leaf unfolding until they accumulate a certain amount of heat or stably experience
enough long photoperiodic daytimes, which informs them that winter has passed. These
physical processes both take time, which results in the extension of dormancy release and
delay of spring phenology. Consequently, the seasonal temperature progressively warms as
time passes, and LST increases accordingly.
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Figure 9. The relationships among leaf unfolding, LST, and chilling requirement. The green
bars are the average leaf unfolding time for each climate zone, and the red bars are the average
LST corresponding to the leaf unfolding time in each zone. The blue bars indicate the number of
accumulated chilling days per 1% ISA (0 °C <T <5 °C). The red bars are the average spring
LST.

5. Discussion

5.1 Regionalization and climatic peculiarities of urban phenology

Regionally, urbanization-induced land cover transformations could modify local
temperatures, hydrological regimes, and species composition that affect the spring phenology
consequently. The gradually increasing urbanization level and resultant UHI effects along the
rural-urban gradients cause the leaf to unfold earlier, with delayed trends at the highest
urbanization area (Figure 2). This is presumably because the UHI effects accelerate the
forcing unit accumulation and speed up plant growth, causing leaf unfolding to initiate earlier
between the urban and suburban. However, the relatively high temperature can lead to earlier
dormancy for the plants within the highest urbanization interval (ISA > 85 %), so the chilling
accumulation requirements are thus unfulfilled for leaf unfolding (Zhang et al., 2022). Other
urbanization-induced factors could also alter the timing of spring phenology. For instance,
urban expansion could result in increased runoff and reduced groundwater (Pickett et al.,
2011) and hence influence the shifts of plants' life cycle. Besides, human preferences in
shaping urban landscapes and artificial management of irrigation and fertilization on
ornamental plants are likely to shift the spring phenology in the urban ecosystem. So, process-
based physiological models should be involved to provide explanatory suggestions and
technical support for future urban vegetation phenology studies, although it is beyond our
scope in this paper.
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The phenological patterns in rural-urban ecosystems regionally vary in concert with climatic
peculiarities. Many plants initiate leaf unfolding based on the necessity of temperature and
humidity on which they depend (Menzel, 2002). We found no distinct linear correlations
between spring phenology and urbanization (or LST) in the northmost, southmost, and arid
zones, where temperatures are not mild or suffer rainfall deficit (Figure 3-4). The PSH, CTH,
and TH have abundant precipitation, whereas their temperature is extremely cold or warm,
making plants less sensitive to temperature variations in the leaf unfolding. For instance,
spring temperature only slightly affects leafing time (Reich, 1995), whereas seasonal water
status dominates tropical tree phenology (Borchert, 1998; Borchert et al., 2002). Additionally,
low temperature and the resultant snow covers are the common climatic phenomena in the
PSH and CTH zones. The snow occurrence and melting could influence the timing of the leaf
unfolding by changing the temperature in many forms (Jonsson et al., 2010). Snow covers can
keep soil temperature warm and inhibit soil frost penetration (Hirota et al., 2011) during winter
to accelerate sprout for plants whose root temperature plays the most critical role in growth
(Brouwer, 1962). The snow melting processes absorb heat, after which the air temperature is
fixed above 0 °C, and plants begin their chilling accumulation to prepare leaf unfolding.
Snow cover may also bring uncertainties for phenological measurements obtained by
remotely sensed techniques (Yang et al., 2017). Moreover, the initiation of spring phenology is
geographically symmetrical in the non-arid mid-latitudes. This geographical distribution is
predicated upon climate according to their ability to adapt to the physical environment
(Morecroft & Keith, 2009). Semi-arid and arid zones are exceptions that perform phenology
differently because of water stress (e.g., water supply and demand) (Brown & Tanner, 1983;
Flexas et al., 2006; Hsiao & Xu, 2000; Steinberg et al., 1990). For those zones, pre-season
precipitation predominates in plant growth (Dai et al., 2004), and soil water availability
governs the spring leaf unfolding (Los et al., 2001; Zhang et al., 2005). Thus, in arid regions,
plants are likely to concentrate on unfolding leaves around the start of the rainy season
(Chesson et al., 2004; Du et al., 2020).

The divergence of spring phenology dates across different climate zones is probably subject
to varying degrees of chilling accumulation requirement during the dormancy caused by their
climatic and geographical peculiarities. The insufficiency of chilling accumulation contributes
to the delayed leaf unfolding dates at the high and low latitudes of China, where the climatic
temperatures are below or above the threshold that needs for the chilling process. The
interplay of winter cold and spring warm are key traits determining plants' response to the
leaf's date unfolding to temperature (Kramer et al., 2017; Linkosalo et al., 2008; Luedeling et al.,
2009). For boreal plants, the heat requirement is negatively correlated with chilling (Fu et al.,
2013; Laube et al., 2014). Given that temperature warming and dormancy are negatively
correlated, the delays of dormancy break and leaf unfolding are consequent upon the
unfulfilled chilling requirements (Chuine et al., 2010). Once the chilling accumulation is
fulfilled, actual leaf unfolding is a matter of concurrent temperature (Korner & Basler, 2010).
Here, we only measured the average chilling accumulation of each pixel in the rural
ecosystem during the dormancy to represent the general chilling amount for each climate
zone. Appropriate chilling models would be necessary to measure the chilling accumulation
to understand better the physical mechanism behind the spring leaf unfolding.
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5.2 Plant adaptation in the context of urbanization and climate change

Plants can adapt to changes in their current environments through altering body functions or
physiological behaviors (Bita & Gerats, 2013; Galvan-Ampudia et al., 2013; Méch &
Prusinkiewicz, 1996). The response of leaf unfolding to urbanization is one example of how
plants adjust to changing environments. We found that plants are finely tuned to the physical
environment along the rural-urban gradients (Figure 7), perhaps because plants genetically
possess the capabilities of adapting and evolving to deal with the changing environment
(Bradshaw, 1965; Jump et al., 2009; Jump & Penuelas, 2005). As a result, those indigenous
species preserved and survived during the urbanization process have already become
invariable and adapted to the new environment due to their ability to tolerate physical
conditions, even though the effects of urbanization on plants are complex. Over time, the
plant species have progressively shifted their phenological time steps to ensure their living
sustainability in urban habitats. Exotic plant species that humans planted in the rural-urban
ecosystem could also influence the holistic spring phenology. As exotic species may exhibit
different phenology from native plants in the natural ecosystem (Buyantuyev et al., 2012),
there is a possibility that the spring phenology of exotic plants is also likely to differ from
their indigenous counterparts in the rural-urban ecosystem. Additionally, based on the prior
knowledge of humankind, many plants directly introduced by humans as substitutions for
disappeared native species during the urbanization process can be believed to fit well in the
complicated urban environment. Although the spring phenology status is stable under the
effect of urbanization, some changes causing stress in plants are not detectable at the
phenotype level (Gallego & Benavides, 2019). For instance, human management such as
irrigation and fertilizer are in favor of their survival and growth as well.

As we have found that rural-urban plants respond differently to climatic peculiarities
regarding leaf unfolding events, plants are believed to be capable of regulating corresponding
behaviors to adapt to climate change. The globe has been warming significantly fast and
comes along with frequently happened extreme climatic events (AghaKouchak et al., 2014;
Rahmstorf & Coumou, 2011). Many plant species are unable to adapt to climatic environments
that may negatively influence their survival in new areas (Bonte et al., 2012), resulting in a
potential increase of extinction risks (Thomas et al., 2004). The adaptation in the response of
plants to climate change is thus essential for their survival (Ahuja et al., 2010; Corlett et al.,
2013; McDowell et al., 2008). Many plants have evolved to adapt to climate change and
extreme living conditions, aided by natural selection. For instance, species with a lower
chilling requirement may profit from warming winters (Laube et al., 2014). The species that
survived adaptively may share similar phenotypic plasticity of traits such as rehabilitation and
acclimatization ability to self-regulate their ambient environment (Matesanz & Gianoli, 2014;
Van Kleunen & Fischer, 2005). These adaptive traits determined by genes are necessary to
cope with abiotic or biotic stress for plant tolerance and resistance (Van Schaik et al., 1993),
indicating that plants adapt to global warming in the direction based on their physiological
constraints and will eventually become an indispensable part to the new ecosystem (Root et
al., 2003).
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5.3 Uncertainties

We found that phenological leaf unfolding is diverse on the city-scale regionality (Figure 10).
In general, 50% of China’s major cities experience advanced dates of leaf unfolding along the
rural-urban gradients. In comparison, 30% of cities show delayed trends of leaf unfolding,
while the leaf unfolding is irrelevant to the urbanization for the remaining cities. Logically
and technically speaking, the climatic peculiarities within a city is much likely to be
homogeneous in terms of temperature, humidity, vegetation types, and so forth at such a
relatively small local scale. We did not find any spatial patterns among the cities to interpret
whether advanced or delayed trends of leaf unfolding are geospatially correlated, and those
trends also fluctuate extremely along the rural-urban gradients. The dissimilitude, as a result,
can be possibly ascribed to the accuracy of detecting phenological metrics through remote
sensing (Liu & Zhang, 2020).
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The coarse spatial resolution presents substantial challenges for studies of urban phenology
(Melaas et al., 2016). Analyzing the spring phenology along the rural-urban manner could be
influenced by the resolution of remotely sensed data. The coarse resolution could impact the
significance level of trends in statistical analysis. Currently, the remotely sensed approach to
determining the time of phenological metrics is predicated on observing surface greenness
(Zhang et al., 2017). The nominal onset of greenness often includes spectral signals of many
other objects, such as soil, buildings, and roads in the rural-urban systems. For instance, the
satellite-derived signals of urban areas (ISA percentage>85%) include less information about
plants, and the rural areas (ISA percentage<5%) contain signals more about crop and soil
background. Additionally, although the cloudy conditions may hamper the phenological
retrieval by satellites as well, the six-year average observations we used can substantially
reduce its effects.

To date, the rural-urban differences of phenology have been confined to remote sensing,
which can only reflect ecosystem-level signals of greenness (Reed et al., 1994). It is hard to
link an individual leaf to the regional scale (Morisette et al., 2009) because of the diverse plant
species along the rural-urban gradients. Comparing the phenological difference between the
rural and urban with different plant types is likely to generate inaccuracies and uncertainties,
and attributing the earlier initiation of leaf unfolding in the urban area to the UHI effects
could thus provide unscientific information for climate change observations. Nevertheless, we
can also consider crops as an indispensable part of the rural-urban ecosystem. Such ideas are
based on the fact that the rural-urban region extensively covers a spatial area, implying it
contains more than one species. The population observed in a small area is not sufficient and
representative to generally illuminate the climate effects on plants. Plant responses to
warming differ among species (Yu et al., 2010), and the variation of leaf unfolding can be
more than two weeks within a 500 m area, even though plants belong to the same species
(Fisher et al., 2006). Also, there is no need for precise interpretations of changing plant species
at the rural-urban community scale, as all living organisms coexist in this ecosystem and self-
or mutual regulate, making them a whole. So, even though the coarse resolution satellite-
derived measurements fail to capture the phenological events for one particular species (Liang
et al., 2011; Schwartz et al., 2002), they monitor the phenology of all species in a community
(Cleland et al., 2007), which is universally important for global climate change.

A lack of in-situ phenological data for verification limits the application of satellite-derived
phenological measurements (Badeck et al., 2004). Phenological observations across taxa
should be integrated and synthesized together to discuss further how one specific species, or a
commonly mixed vegetation landscape (e.g., the combination of wood and herbaceous
plants), responds to urbanization. This cooperative combination poses great challenges to the
spatial resolution for satellite imagery because the unit of satellite-derived measurements
consists of many individual species, which initiates leaf unfolding at different times. Also,
resampling for datasets from different resources will incur aliasing errors. Therefore, fine-
resolution sensors such as Landsat are highly recommended for phenological monitoring on
the rural-urban scale because it is well-synchronized with photographs taken on the ground.
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6. Conclusion

Projected future rapid global climate change accompanied by intricately human-involved
physical environment could dramatically influence the phenological events for plants. Our
study is the first attempt at a national scale to study the spring phenology response to
urbanization in the context of different climate zones, which has engendered good qualitative
arguments in favor of a climate-change effect on phenology. Our results show that spring leaf
unfolding responds divergently to the temperature caused by the UHI effects on the different
levels of urbanization. Regionally, leaf unfolding and urbanization are highly correlated in the
mid-latitudes with moderate climate (temperature and humidity), and this correlation
decreases to the low and high latitudes, respectively. In the rural-urban ecosystem, leaf
unfolding time shows north-south symmetrical patterns according to the climate peculiarities
in China, rather than the higher the temperature causes the earlier initiation of spring
phenology. The requirement of chilling accumulation is the primary driver behind these
phenomena, accompanied by plants' adaption capability that makes it possible for them to
shift their phenological time to cope with climate change correspondingly. In this study, the
advances in the phenology of urban ecosystems can improve the understanding of climate
warming-plant adaptation connection. In the context of climate change, the development and
physiology of plants potentially can be reshaped to acclimate to the different living
environments of the planet, from tropical to temperature zone, through the rural or urban area.

Exploring the plant responses to urbanization is helpful for us to understand to what extent
they can adapt to a complex environment where changes in temperatures and human activities
happen all the time. Probing into the climatic peculiarities about the rural-urban ecosystem
prepares prior knowledge for us to forecast global climate change in the future.
Understanding the influence of plants in response to climate change is therefore critical for
detecting global warming trends. By incorporating climatic peculiarities in the spring
phenology of rural-urban ecosystems, future phenological models could be more robust to
explain the biological reactions of plants in response to climate change and other physical
regimes. Further efforts such as integrating multiple techniques and synthesizing across
different scales are required to sufficiently use observations based on the present and past to
extrapolate and model the possible interactions and responses between climate and biospheric

systems under different future scenarios.
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