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Abstract: Understanding the responses of vegetation phenology to natural and human disturbances
is essential for better understanding ecosystems. In this study, Moderate Resolution Imaging Spec-
troradiometer data and products were used together with other relevant data to analyse vegetation
phenological responses to urbanisation and natural factors in the major urban agglomerations of the
Urumgqi-Changji, Shihezi-Manasi, and Wusu-Kuidun-Dushanzi regions on the Urban Agglomeration
on the Northern Slope of the Tianshan Mountains (UANSTM). Vegetation phenology distributed
along an urban-rural gradient showed distinct variability, with start of growing season (SOS), end
of growing season (EOS), and growing season length (GSL) occurring earlier, later, and longer, re-
spectively, in urban areas than those in suburban and rural areas. In the Urumgqi-Changji region, the
earliest SOS, the later EOS, and the longest GSL occurred. Surface urban heat island intensity (SUHII)
was most pronounced in the Urumgqi-Changji region, with a heat island intensity of 1.77-3.34 °C.
Vegetation phenology was influenced by both urbanisation and natural factors, whose contributions
were 44.2% to EOS and 61.8% to SOS, respectively. The results of this study emphasise the importance
of quantifying the vegetation phenological responses to human disturbances, including climate
change, along the urban-rural gradient on the UANSTM.

Keywords: urban agglomeration on the northern slope of the Tianshan Mountains; vegetation
phenology; urbanisation; natural factors; common impact

1. Introduction

Vegetation plays an important role in the exchange of energy and materials in ter-
restrial ecosystems [1]. Periodically rhythmic changes that plants exhibit in response to
environmental changes are referred to as vegetation phenology. Phenology reflects the
growth and development cycle and productivity of vegetation [2]. An increase in the air
temperature can promote the activity of vegetation enzymes, thereby accelerating vege-
tation phenology. Temperature is an important factor in vegetation phenology [2,3]. The
change in local temperature due to the surface urban heat island (SUHI) effect influences
not only the local ecosystem but also its vegetation phenology [1,2].

Urbanisation and human activities have fundamentally changed the landscape and
ecology of the land. Rapid urban growth and sprawl have led to the widespread transfor-
mation of vegetation, which in turn causes local changes in a variety of biotic conditions,
including impermeable aquifers, atmospheric and climatic conditions, and the SUHII [4].
With intensified SUHII and its associated environmental challenges, SUHI-induced high
temperatures have become a dominant driver of vegetation phenology in and around
cities [5]. However, the interaction between the SUHII and climate change complicates
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the response mechanisms of urban plant phenology. Compared with those in suburban
vegetation phenology, early spring phenology, delayed fall and winter phenology, and a
long growing season in urban areas are caused by a surge in the SUHII [6,7]. Germino
et al. [8] showed that plant phenology is closely related to temperature, in particular at
the start and end of the growing season (EOS), indicating that temperature is a primary
driver of vegetation phenology. In recent years, the impact of urbanisation on climate
has received considerable scientific attention [4,9,10]. Luo et al. [11] found that the early
spring phenology of vegetation was closely associated with urban warming in eastern
North America. Ding et al. [12] reported that the urbanisation of the Yangtze River Delta in
China has led to an advanced start and delayed end of the vegetation growth season in
urban areas, thus lengthening the growing season. Jeong et al. [13] found that increased
population density led to an earlier start of the vegetation growth season and a later end of
the growing season in Seoul, Korea. The natural environment, urban structure, and scale of
interest in this study substantially differ from those of the Yangtze River Delta in China,
Seoul in Korea, and the eastern part of North America. In the present study, the study
area is surrounded by large areas of bare land, deserts, and sparse vegetation, and urban
agglomerations are relatively small and scattered. This study area provides a leverage point
to explore not only the extent to which the superposition of natural elements and the SUHII
affect vegetation phenology along an urban-rural gradient but also the effects of differences
between daytime and night-time urban surface temperatures on vegetation phenology.

As a key integrated economic zone in the economic planning of western China, the
urban agglomeration on the northern slope of the Tianshan Mountains (UANSTM) has
a unique geographical location and natural resource conditions. However, only a few
studies have been conducted on the UANSTM in the arid region of Xinjiang, China, and the
ecological and environmental challenges in this region remain to be addressed. Therefore,
this study considered this region the study area and used Moderate Resolution Imaging
Spectroradiometer (MODIS) MOD11A2, MCD12Q2, and MOD13Q1 Enhanced Vegetation
Index (EVI) products during 2001-2020 to extract vegetation phenology and surface ur-
ban heat island intensity (SUHII) and quantify the spatiotemporal changes in vegetation
phenology and SUHII in the three urban clusters of the Urumgqi-Changji, Shihezi-Manasi,
and Wusu-Kuidun-Dushanzi districts. Thus, the objective of this study was to quantify the
effects of urban structure, scale, and population on vegetation phenology along an urban-
rural gradient based on the detection of spatiotemporal changes in vegetation phenology
and SUHII in the three major urban clusters.

2. Study Area and Data
2.1. Study Area

The UANSTM is located in the central part of the Tianshan Mountains and the southern
part of the Junggar Basin (Figure 1). The total study area was 95,400 km?, accounting for
5.8% of the total area of Xinjiang, and the population was 8.92 million, accounting for 38.10%
of the total population of Xinjiang. With the implementation of the “Western Development
Strategy” of China, the study area has become the most economically developed region
of Xinjiang and an important hub of the “Silk Road Economic Belt”, as well as one of
the 19 key areas of Chinese comprehensive territorial development. The topography of
the study area is complex, and the climate type belongs to an arid continental climate
with an average annual temperature of 7.5 & 0.1 °C, an average annual precipitation of
215 mm, and a potential evaporation of 1210 mm, with evaporation being higher than
precipitation. The mainland-use and land-cover types are grassland, cropland, forest land,
water, construction land, and bare land (28.4% of the area); the main vegetation types are
trees, shrubs, herbs, mixed forests, and deciduous coniferous forests; and the ecological
environment of the study area is extremely fragile [14]. With increased human disturbances
and the construction of UANSTM, the region has experienced rapid urban expansion
and increasingly significant urbanisation, making it an ideal test area for elucidating the
mechanisms of vegetation phenological changes due to urbanisation in an arid zone.
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Figure 1. Land-use and land-cover types and major urban areas in the study area in 2020.

2.2. Data and Processing

As a weather product of the MODIS data, MCD12Q2 includes weather information
such as the start of the growing season (SOS), the EOS, and the growing season length
(GSL) [15]. Validation results showed that MCD12Q2 has high accuracy in the Xinjiang
region, with a coefficient of correlation (r) value of 0.75 (p < 0.05) between the greening
period and ground observation. The weather products satisfactorily reflect the spatial
distribution of vegetation conditions in the Xinjiang region and meet the research accuracy
requirements [16]. The MCD12Q2 and MOD13Q1 data for the study area during 2001-2019
were pre-processed and downloaded from the Google Earth Engine. Since the MCD12Q2
product was not updated to 2020, the EVI and NDVI values of the MOD13Q1 data are im-
portant indicators for detecting plant phenology, and EVI can reflect vegetation phenology
more accurately than NDVI [16]. The present study estimated the vegetation phenology of
the study area in 2020 based on the EVI data of MOD13Q1 by comparing and validating the
MOD13Q1 product of the same year with the inverse phenology results, and then corrected
the estimated phenology information of the study area in 2020. The MOD11A2 data are
ideal for studying SUHII on a large regional scale with high accuracy, with an absolute error
of £1 K [17,18]. The global “National Polar-orbiting Partnership (NPP) Visible Infrared
Imager Radiometer Suite (VIIRS)-like” night-time light data with cross-sensor calibration
was used for night-time light data [19]. Land-use data were used to define the three major
urban agglomerations in the study area. Monthly average temperature and precipitation
data for China were extracted and processed in batches using Python. A digital elevation
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model (DEM) was used to classify vegetation parameters and analyse the variational char-
acteristics of elevation. All data were resampled to maintain a consistent spatial resolution.
The specific data sources and parameters are listed in Table 1.

Table 1. Nature of data and sources.

Dataset Data Source Data Properties Data Type Time Coverage
MCD12Q2 GEE 500 m/yr Greenup, Dormancy 2001-2019
MOD13Q1 250 m/16 d EVI 2020

LST_Day_1 km,
MODI11A2 1000m/8d LST_Nig}kit_l o 2001-2020
National Earth System
Science Data Centre grassland, cropland, forest
Land-use type dataset (http:/ /www.geodata.cn/, 30 m land, water, construction 2001, 2010, and 2020
accessed on land, and bare land
5 September 2020)
Geospatial Data Cloud 30m ASTER GDEM V2 2020
DEM . ;
(http:/ /www.gscloud.cn,
accessed on 5 April 2023)
An extended time-series
(2000-2020) of global
. . NPP-VIIRS-like night-time
hgﬁ;ﬁfgjﬂlﬂ light data 500 m — 2001-2020
(https://doi.org/10.7910/
DVN/YGIVCD, accessed
on 5 April 2023)
National Earth System
Climate Data (httls;l/e;‘vcvix?«?;ggggin /) 0.0083333° (approx. 1 km)  Precipitation, Temperature 2001-2020
accessed on 5 April 2023)
National Geographic
Information Resource
Vector data Catalogue Service System — Shapefile —

(http:/ /www.webmap.cn,
accessed on 5 April 2023)

DEM, digital elevation model; GEE, Google Earth Engine; LST, land surface temperature.

3. Methods

In this study, the UANSTM was used as the study area. Based on the MOD11A2 surface
temperature product and the MCD12Q2 vegetation phenology product, the urban-rural
dichotomy method was used to calculate the SUHII values and phenological periods of
urban agglomerations and analyse their temporal trends and spatial characteristics. Finally,
the effects of urbanisation and natural factors on vegetation phenology were analysed.
This article utilises corresponding monthly and annual scale datasets with the same time
resolution as surface temperature and vegetation phenology data in the study area, as well
as other remote sensing data for resampling analysis, to obtain a unified resolution dataset.
The technical route is illustrated in Figure 2.

3.1. Urban-Rural Dichotomy
3.1.1. Determining Urban-Rural Boundaries

To calculate the SUHII value of the study area by using the urban-rural dichotomy
method, the premise was to first determine the city and township boundaries and then
extract the surface temperatures of the city and township. Due to the complex topography
and scattered urban areas in the study area, unifying the vector data of the administrative
city-county streets was impossible; therefore, accurately determining the city and township
boundaries was difficult. In this study, township boundaries were determined using night-
time lighting, land-use types, and elevation extracted by Yong Hong et al. [20]. Urbanisation
within 10-20 km of urban centres has been shown to exert a significant effect on vegetation
phenological differences [21,22]. Therefore, five concentric buffer rings (urban centre,
suburban area, 2-15 km, and rural area, 15-20 km) were established for the three urban
clusters using the urban built-up area as the centre, extracted from the night-time lighting
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and land-use data. The buffer rings were used as the urban-rural gradient boundaries. The
land-use and night lighting data were used to distinguish between the main urban area and
non-main urban areas (arable land, shrub land, grassland, and forest land) and establish a
20 km buffer zone outward from the main urban area as a suburban area [20]. The DEM
data were then used to remove bare land and other land types with elevations higher than
1500 m to avoid interference from the cold island effect on SUHII [23].
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Figure 2. Workflow flowchart adopted in the present study.

3.1.2. Differences in Vegetation Phenology between Urban and Rural Gradients and SUHII

Based on a comprehensive consideration of the 2001, 2010, and 2020 land-use data
in the study area, a buffer zone analysis was conducted for the Urumgi-Changji, Shihezi-
Manasi, and Wusu-Kuidun-Dushanzi regions. The values of ASOS (d), AEOS (d), and
AGSL (d) were calculated using the differences in SOS, EOS, and GSL between urban
centres, suburbs, and rural areas, respectively, as follows:

Asosi = Sosurban center — SOSl (1)
AEOS; = Eosurban center — EOS; (2)
AGSL; = GSLurban center — GSL; (3)

where ASOS;, AEOS;, and AGSL,; are the differences of the average SOS, EOS, and GSL
of each buffer zone in the urban centre, suburban area, and rural area, respectively;
SOSyrban centrer EOSurban centres aNd GSLyypan centre are the averages of the urban centre
SOS, EOS, and GSL, respectively; and SOS;, EOS;, and GSL; are the averages of the SOS,



Land 2023, 12,1108

6 of 18

EOS, and GSL for suburban and rural areas, respectively. The difference in land surface
temperature (LST) between the urban centre, suburban, and rural areas is then used to
express SUHII (°C) as follows:

SUHIL; = Turban center — T; (4)

where SUHI]; is the SUHII of each buffer zone in the suburban and rural areas; T an centre
is the average LST of the city centre; and Tj is the average LST for each buffer zone in the
suburban and rural areas.

3.2. Average Annual Rate of Urban Expansion

The average annual expansion rate is an indicator used to evaluate the spatial expan-
sion of a city, and its magnitude reflects the rate of urban expansion [24]. Thus:

V, = (T,/Sb - 1) x 100% (5)
Sa

where V, is the expansion velocity (km2~a’1) ; Sp and S, are the urban areas (km?) at the
beginning and end of the study, respectively; and T is the time interval (yr).

3.3. Statistical Analysis

The Pearson’s correlation coefficient (r) is widely used in statistical analysis to measure
the degree of correlation between two variables and has a value between —1 and 1 [25].
The coefficient of determination (R?) indicates the extent to which the dependent variable
is explained by the independent variable in the regression relationship, and its value is
equal to the square of r. The larger the value, the higher the degree of explanation for the
variation in the response variable [26].

3.4. Detection of Interaction Factors

Geographic detectors can detect the spatial differentiation of geographical phenomena
and quantitatively reveal the explanatory power of factors that influence spatial differenti-
ation [27]. The detectors can be classified into factors, interactions, risks, and ecological
detection methods. An interaction detector can detect the interactions between different
factors and evaluate whether there is an increase or decrease in the effect on vegetation phe-
nology when factors x1 and x2 work together. First, the explanatory powers of x1 and x2
on vegetation phenology were calculated, namely q(x1) and q(x2). Furthermore, q was
calculated, i.e., q(x1NMx2) when x1 and x2 interacted, and the sum of q(x1), q(x2), and
q(x1 N x2) was compared [28,29].

3.5. Principal Component Analysis and Variance Contribution Rate

Principal component analysis is a statistical method by which a set of potentially cor-
related variables is transformed into a set of linearly uncorrelated variables via orthogonal
transformation; thus, the transformed set of variables is called a principal component [30].
The principal component contribution is the proportion of the variance of the principal
component to the total variance of the random variable of interest. It is primarily used to
measure the explanatory power of principal components for the variability of the original
variables. In the present study, we used the variance contribution ratio to analyse the
explanatory power of urbanisation and natural factors for vegetative phenology.

4. Results and Analysis
4.1. Spatial and Temporal Evolutionary Characteristics of Vegetation Phenology

During 2001-2020, the SOS value in the study area was in the range of 108203 d, with
a multi-year mean of 142.44 d. The range of EOS and GSL was 236-345 d with a multi-year
mean of 282.32 d and 107-269 d with a multi-year mean of 140.03 d, respectively (Figure 3).
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The smallest mean SOS value was 125.21 d in the Urumgi-Changji region, followed by
the Shihezi-Manasi (139.21 d) and Wusu-Kuidun-Dushanzi (145.25 d) regions. The mean
EOS value in the Urumgqi-Changji region was the highest (302 d), followed by the Wusu-
Kuidun-Dushanzi (300.39 d) and Shihezi-Manasi (299.81 d) regions. The mean GSL value
in the Urumgqi-Changji region was the largest (173.79 d), followed by the Shihezi-Manasi
(160.60 d) and Wusu-Kuidun-Dushanzi (155.14 d) regions. The overall variation in the
vegetation phenological period in the urban clusters during 2001-2020 was significant,
and variability was observed in SOS, EOS, and GSL in the urban clusters at different time
periods. The SOS values decreased over time throughout the study area, indicating that the
vegetation growth period advanced gradually. The increasing EOS values indicated that
the EOS values were delayed gradually, thus extending the GSL value in the study area.
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Figure 3. Spatial and temporal patterns of the average start of growing season (SOS), end of growing
season (EOS), and growing season length (GSL) in the study area during 2001-2020.

As shown in Figure 4, the farther away it was from the city centre, the smaller the
multi-year average value of ASOS was; in other words, the distance from the city centre
showed a negative correlation with ASOS. The average ASOS value was 8.24 d (R? = 0.19,
p < 0.05) for the Urumgqi-Changji region, 7.40 d (R? = 0.81, p < 0.01) for the Shihezi-Manasi
region, and 4.31 d (R2 = 0.40, p < 0.05) for the Wusu-Kuidun-Dushanzi region. The multi-
year average AEOS value of the study area rose with increasing distance from the urban
centre. The mean AEOS was 17.77 d (R? = 0.66, p < 0.01) in the Urumgqi-Changji region,
15.34 d (R? = 0.92, p < 0.01) in the Shihezi-Manasi region, and 12.04 d (R? =0.43, p < 0.05) in
the Wusu-Kuidun-Dushanzi region. The multi-year average AGSL value of the study area
also rose with the increasing distance from the urban centre. The mean AGSL value was
16.84 d (R? = 0.80, p < 0.01) in the Urumgi-Changji region, 12.57 d (R? = 0.45, p < 0.01) in
the Shihezi-Manasi region, and 6.33 d (RZ=0.87, p <0.01) in the Wusu-Kuidun-Dushanzi
region. These findings indicated that the SUHII in the study area significantly influenced
the vegetation phenology in the surrounding area.
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Figure 4. Relationships between distance from the city centre and (a) ASOS, (b) AEOS, and (c) AGSL.

4.2. Spatial and Temporal Distribution Characteristics of Diurnal SUHII

The spatial pattern of SUHII in the urban agglomerations was estimated using the
urban-rural dichotomy, and the distance of SUHII from the urban centre was analysed
(Figure 5). The average SUHII value of the study area during 2001-2020 ranged from —7 °C
to 6 °C during the day and —10 °C to 4 °C at night, with a large difference in the diurnal
SUHII value. A high daytime SUHII was concentrated in the northern part of the study
area, that is, the desert and sparsely vegetated areas, with cold island effects occurring in
the south and southeast. The high SUHII at night was concentrated in the central part of
the study area, that is, the inner-city area. The multi-year average SUHII value ranged from
1.97 °Ct0 3.29 °C and 1.75 °C to 3.52 °C during the day and at night in the Urumgi-Changji
region, 0.96 °C t0 2.88 °C and 1.72 °C to 2.05 °C in the Shihezi-Manasi region, and 0.73 °C
to 2.27 °C and 2.23 °C to 2.69 °C in the Wusu-Kuidun-Dushanzi region, respectively.
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Figure 5. Spatial patterns of daytime (a) and night-time (b) surface urban heat island intensity (SUHII)
in the study area during 2001-2020.

As shown in Figure 6, with the increased distance from the urban centre, the multi-year
average SUHII value of the study area first rose and then fell; in other words, the distance
along the urban-rural gradient showed a significant non-linear relationship with the multi-
year average SUHII value. The high SUHII values were mainly located 10-20 km from the
urban centre, which was mainly due to the large temperature difference between the urban
centre and the suburban and rural areas. The corresponding SUHII peaks of 3.29 °C and
3.52 °C occurred at 15 km from the Urumgqi-Changji urban centre during the day and night.
During the daytime, 2—-6 km from the urban centre, the SUHII values were the highest
for Urumgi-Changji, followed by Shihezi-Manasi and Wusu-Kuidun-Dushanzi. At night,
5-20 km from the city centre, the SUHII values were highest in the Urumgqi-Changji region,
followed by the Wusu-Kuidun-Dushanzi and Shihezi-Manasi regions.
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4.3. Response of Vegetation Phenology to Urbanisation
4.3.1. Responses of Vegetation Phenology to Urban Economy and Population Size

A Pearson’s correlation analysis was performed between the urbanisation level and veg-
etation phenology in the UANSTM. Variability existed in the effects of the three urbanisation
levels in the different urban agglomerations on the vegetation phenology in the different
cities. The urbanisation level of the urban clusters was correlated negatively with SOS but
positively with EOS and GSL (Figure 7). Given the r values, the correlation was weak between
the low urbanisation level and vegetation phenology in the urban clusters but strong between
the medium-to-high urbanisation levels and vegetation phenology. The average r values
were —0.61, —0.59, and —0.77 between the urbanisation level and SOS; 0.77, 0.67, and 0.73
between the urbanisation level and EOS; and 0.72, 0.62, and 0.80 between the urbanisation
level and GSL in the Urumqi-Changji, Shihezi-Manasi, and Wusu-Kuidun-Dushanzi districts,
respectively. In other words, the Wusu-Kuidun-Dushanzi district showed the strongest cor-
relation with SOS and GSL, followed by the Urumgqi-Changji and Shihezi-Manasi districts,
whereas the Urumgi-Changji district exhibited the strongest correlation with EOS, followed
by the Wusu-Kuidun-Dushanzi and Shihezi-Manasi districts. For the Urumqi-Changji region,
the low urbanisation level did not exert a significant impact on SOS and GSL but had a
significant impact on EOS. The medium-to-high urbanisation levels showed a greater effect
and correlation at the start and end of growing seasons than did the low urbanisation levels.

4.3.2. Response of Vegetation Phenology to the Scale of Urban Expansion

Pearson’s r values were obtained for the vegetation phenological period and percentage
of built-up land area in the urban, suburban, and rural areas of the Urumqi-Changji, Shihezi-
Manasi, and Wusu-Kuidun-Dushanzi districts during 2001-2020 (Table 2). There was a
significant correlation (p < 0.01) between the vegetation phenology and the fraction of built-up
land area in the urban centre and rural areas of Urumgqi-Changji; however, no such significant
correlation was observed in the suburban area. The percentage of built-up land in the different
areas was strongly correlated negatively with SOS but positively with EOS and GSL. Unlike
the vegetation phenology period in the suburban area, the vegetation phenology period in
the urban centre of the Shihezi-Manasi district was significantly correlated (p < 0.05) with the
percentage of construction land area. In rural areas, EOS was significantly correlated with the
percentage of built-up land (p < 0.05). The percentage of built-up land area in the different
areas was correlated positively with EOS and GSL but negatively with SOS. The proportion of
built-up land area in the Wusu-Kuidun-Dushanzi region was strongly correlated negatively
with SOS but positively with EOS and GSL. The percentage of construction land area in the
urban and rural areas was significantly correlated with the vegetation phenological period,
which was absent in the suburban areas. Therefore, the vegetation phenological period in the
Urumgi-Changji and Wusu-Kuidun-Dushanzi districts was significantly influenced by urban
expansion and scale. The increased proportion of the construction land area advanced SOS,
delayed EOS, and extended GSL in the urban centres.
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Figure 7. Effects of the three urbanisation levels on the vegetation phenology in the different urban
agglomerations: (a) Urumgqi-Changji, (b) Shihezi-Manasi, and (c) Wusu-Kuidun-Dushanzi.

Table 2. Pearson’s correlation coefficients between vegetation phenological period and urban con-
struction land area (%).

City Cluster Name Regions SOS EOS GSL
urban centre —0.85 ** 0.83 ** 0.81 **
Urumgi-Changji suburban area —0.56 0.45 0.56
rural area —0.74* 0.68 * 0.57
urban centre —0.77 * 0.69 * 0.68 *
Shihezi-Manasi suburban area —0.51 0.52 0.33
rural area —0.61 0.63 * 0.45
urban centre —0.82 ** 0.79 * 0.74 **
Wusu-Kuidun-Dushanzi suburban area —0.61 0.57 0.46
rural area —0.63* 0.65 0.53

* indicates p < 0.05, ** indicates p < 0.01

4.3.3. Response of Vegetation Phenology to the SUHI Effect

To establish the relationship of SUHII with the three vegetation phenological variables,
the R? values between SUHII and ASOS, AEOS, and AGSL were separately estimated for
the urban clusters. As shown in Table 3, the correlation between the SUHII and vegetation
phenology was stronger in the Urumgqi-Changji region than in the other two regions, with
an average R? value of 0.94, followed by the Shihezi-Manasi and Wusu-Kuidun-Dushanzi
regions, with average R? values of 0.92 and 0.86, respectively. There was a significant
negative correlation between SUHII and ASOS in the entire urban agglomeration; that is,
the stronger the SUHII value was, the earlier the SOS value was. The SUHII value was
highly positively correlated with AEOS and AGSL; in other words, the stronger the SUHII
value was, the later the EOS value was, and the longer the GSL value was. The r values
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between the SUHII and vegetation phenology were smaller during the day than at night in
the Urumgqi-Changji and Shihezi-Manasi regions, but higher during the day than at night

in the Wusu-Kuidun-Dushanzi region.

Table 3. Coefficients of correlation between SUHII and vegetation phenology.

ASOS/SUHII AEOS/SUHII AGSL/SUHII
City Cluster Name - : :
Day Night Day Night Day Night
Urumgi-Changji —0.87 —0.94 0.98 0.95 0.96 0.98
Shihezi-Manasi —0.92 —0.9 0.89 0.94 0.93 0.95
Wusu-Kuidun-Dushanzi —-0.92 -0.79 0.94 0.79 0.94 0.81

As shown in Figure 8, in the study area, SUHII was significantly correlated negatively
with ASOS (R? = 0.93, p < 0.01) but highly positively with AEOS and AGSL (R? = 0.95,
p <0.01). The stronger the SUHII value was, the earlier the SOS value was, the later the
EOS value was, and the longer the GSL value was. When SUHII was raised by 0.1 °C
during the day and at night, ASOS was advanced by 1.10 d and 1.35 d (mean 1.22 d), AEOS
was delayed by 1.31 d and 1.08 d (mean 1.19 d), and AGSL was prolonged by 1.93 d and
1.59 d (mean 1.76 d), respectively. The SUHII increased the average temperature of the city,
particularly at night when warming was greatest. The heat island intensity in the study
area was greater at night than during the day, and the R? values of SUHII with ASOS and

AGSL were higher at night than during the day.
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Figure 8. Relationship between the SUHII and vegetation phenology of (a) ASOS, (b) AEOS, and

(c) AGSL along the urban-rural gradient.
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4.4. Responses of Vegetation Phenology to Natural Factors
4.4.1. Response of Vegetation Phenology to Precipitation

Based on the spatially skewed r values between the vegetation phenology and pre-
cipitation in the entire study area, 48.3% of the negative correlations between SOS and
precipitation were found to occur in the northwestern and central areas of the study area;
that is, the more precipitation there was in the grassland and cropland areas of the study
area, the earlier the SOS value was. With 44.2% of the positive correlations occurring in
the southern and southeastern parts of the study area and with 7.3% showing a highly
significant positive correlation, the SOS value pointed to a later period with more pre-
cipitation in the forested areas. The r values of 0.3—-0.8 were mainly concentrated at high
elevations (Figure 9a). Approximately 49.1% of the negative correlations between the EOS
and precipitation occurred in the northeastern and southern woodland areas of the study
area, indicating that more precipitation in the woodlands resulted in an earlier EOS value.
Approximately 50.1% of the positive correlations occurring in the northwestern and south-
ern cropland areas of the study area indicated that the higher the precipitation in the study
area was, the later the EOS value was, with 9.2% showing a highly significant positive cor-
relation and a uniform spatial distribution (Figure 9b). The areas with r values < 0 between
GSL and precipitation were relatively large and showed spatial heterogeneity, and the neg-
ative correlation between GSL and precipitation was strong, indicating that the increased
precipitation would shorten GSL in most areas (Figure 9¢). In conclusion, the response of
the vegetation phenology, in particular EOS, to precipitation was highly significant.

Correlation coefficient Correlation coefficient

N T T . 2 _—
mr 1Tkm |05-03 0.1 03 04 06 08 09 km
0.8 0.5 —03 —0.1 0.1 03 05 08 0255 100 02550 100

Correlation coefticient

-07-0.6 -03 -0.1 0.1 02 05 07 0 2550 100

Figure 9. Correlation between precipitation and (a) SOS, (b) EOS, and (c) GSL in the UANSTM.

4.4.2. Response of Vegetation Phenology to Temperature

From the spatially skewed r values between the vegetation phenology and air tem-
perature across the study area, we found that 77.7% of the negative correlations between
SOS and air temperature occurred in the northern part of the study area, whereas 22.1%
of the positive correlations occurred in the southern part of the study area. The r values
between temperature and SOS were mainly negative, indicating that the temperature rise
advanced SOS. Conversely, a decrease in temperature delayed SOS (Figure 10a). These
results were consistent with the characteristics of vegetation growth and development, in
which increased temperature raised the accumulation temperature, which then accelerated
vegetation growth and development, thus resulting in an earlier SOS value. The r values
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between EOS and temperature were mainly positive (Figure 10b). The western and south-
ern regions of the study area exhibited a significant positive correlation. In other words,
EOS clearly responded to the temperature, and the increased temperature caused a delay
in EOS. Conversely, EOS occurred earlier, when the temperature decreased. The correlation
between GSL and temperature was insignificant and spatially heterogeneous (Figure 10c).
Overall, the response of the vegetation phenology was slightly stronger to the temperature
than to the precipitation, and the effects of SOS and EOS were significant.

N N b)
A (a) A (

Correlation coefficient =4 A R e Correlation coefficient . 7 -
LI 1km km
08 0.6 -03 -0.1 01 03 06 08 02550 100 -0.7 -04 0.1 01 04 06 08 09 0 2550 100

Correlation coefficient

LI 1km
07 04 03 01 01 02 04 06 02550 100

Figure 10. Correlation between average temperature and (a) SOS, (b) EOS, and (c) GSL in the UANSTM.

4.4.3. Response of Vegetation Phenology to Elevation

A close relationship was observed between vegetation phenology and altitude in the
UANSTM (Figure 11). The correlation between SOS and altitude was more significant
(p < 0.01) between 1000 and 2000 m above sea level (asl) than between 2500 and 5000 m asl.
The SOS value was significantly delayed with the increasing altitude, advancing 2.5 d for
a 100 m altitudinal rise. The correlation between EOS and altitude was significant, with
EOS being significantly delayed with the increasing altitude between 200 and 1000 m, more
significantly correlated between 1000 and 2500 m (p < 0.01), significantly advanced with
the increasing altitude, and less significantly correlated between 2500 and 5000 m. For
every 100 m of elevation increase, the EOS value was 2.5 d ahead. The GSL and altitude
values showed a significant correlation; GSL shortened with increasing altitude, and the
shortening of GSL was most pronounced in the range of 200-1000 m (p < 0.01). The GSL
value was shortened by 2.5 d per 100 m of altitudinal rise. Studies have reported that a
100-metre rise in altitude decreases the temperature by 0.62 °C [31]. Precipitation increased
with the increasing altitude; when the altitude reached a certain height, precipitation
decreased with the increasing altitude. The phenomenon of regular vertical vegetation
turnover with changes in altitude is known as vertical zonation [31,32].
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Figure 11. Changes in the mean vegetation phenology in relation to altitude on the northern slopes
of the Tianshan Mountains.

5. Discussion
5.1. Interaction Effects of Urbanisation and Natural Factors on Vegetation Phenology

The response characteristics of the vegetation phenology to urbanisation and nat-
ural factors can differ significantly owing to differences in the selected study time, city
size, urban structure, and statistical methods. For example, Yao et al. and Zhaoling et al.
considered only the effects of SUHII on vegetation phenology [33,34]. Zhou et al. [35]
found that the difference in the surface temperature response to vegetation phenology was
highly pronounced between inland and suburban areas. Compared with other studies,
the urban agglomerations in the present study area were small in scale and fragmented
in urban structure; however, a conclusion similar to the results of other studies showed
that the SUHII exerted a considerable impact on the surrounding vegetation. However, the
interaction effect of urbanisation and natural factors on the vegetation phenology in the
study area was comprehensively considered to overcome the limitations of the study. The
interaction detection of the geodetector model was used to analyse the interaction of the
urbanisation factors, such as night-time lighting, urban sprawl intensity, and SUHII, with
the natural factors, such as precipitation, temperature, and DEM. The interaction between
urbanisation and natural factors significantly affected SOS, with strong interactions of
SUHII with temperature, night-time lighting, and urban sprawl intensity. The interaction of
DEM with precipitation and night-time lighting is illustrated in Figure 12a. The interaction
between SUHII, night-time lighting, and urban sprawl intensity was strong, indicating that
SOS was influenced more by the interaction between urbanisation and natural factors than
by the interaction between the natural factors. Though not as significant as that between
EOS and SOS, the interaction between EOS and GSL was significant (Figure 12b,c). Both
EOS and GSL were equally influenced by the combination of urbanisation and natural
factors. Overall, the interaction between urbanisation and natural factors exerted a signifi-
cant effect on the vegetation phenology, with the interaction between urbanisation factors
showing the most significant effect.

5.2. Contributions of Urbanisation and Natural Factors to Vegetation Phenology

As shown in Figure 13, the influences of urbanisation and natural factors on SOS were
38.2% and 61.8%, respectively, with the largest contribution belonging to the temperature.
The urbanisation factor of night-time lighting contributed the most to SOS. The contribu-
tions of temperature and night-time lighting to SOS were greater than those of the other
factors. The effects of urbanisation and natural factors on EOS were 44.2% and 55.8%,
respectively, with the largest contribution belonging to the temperature. The urbanisation
factor of SUHII made the largest contribution to EOS. The contributions of temperature
and SUHII to EOS were greater than those of the other factors. The effects of urbanisation
and natural factors on GSL were 42.8% and 57.2%, respectively, with the DEM and urban
expansion intensity being the largest natural and urbanisation contributors, respectively. In
general, urbanisation and natural factors contributed considerably to the changes in the
vegetation phenology in the study area.
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Figure 13. Contributions of urbanisation and natural factors to the vegetation phenology.

5.3. Uncertainty Analysis

The natural environment and topography of the study area are complex, and many
factors affected the SUHII estimation, which may lead to errors in the estimation results.
Additionally, the characteristics of the study area differed from those previously reported in
related literature, which may make the conclusions drawn from this study differ from those
drawn from them. For example, the cold island effect was also present in the UANSTM
Zone across a large geographical area. However, the extent of the heat island effect, the
focus of this study, was over a small urban-suburban-rural area. Therefore, future studies
on the effects of urban cold islands on vegetation phenology should be conducted on a
larger scale. The large area of cultivated land around the study area and the vegetation
phenology of farmland, which largely depends on crop types and management practises,
led to complexity and uncertainty in the detection of farmland phenology. In addition
to the factors covered in the present study, urbanisation and natural factors themselves
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contain more elements; thus, more factors should be considered in the future to quantify
their effects on vegetation phenology in the context of urban-rural interactions.

6. Conclusions

1.  The vegetation phenological variables in the study area showed pronounced differ-
ences across the spatial gradients between urban and rural areas. The closer it was
to the urban centre, the earlier the start of the growing season was, the later its end
was, and the longer the growing season was. The intensity of the heat island varied
significantly among the three urban clusters. The intensity of the SUHII was highest
in the Urumgi-Changji region.

2. The heat island effect of the urban agglomerations in the study area influenced the
spatiotemporal patterns of the surrounding vegetation phenology; however, there
was some variability in the effects of the three urbanisation levels on the surrounding
vegetation phenology. The urbanisation level of the urban clusters was negatively
correlated with SOS but positively correlated with EOS and GSL. The urbanisation
level of the Urumgi-Changji district was high and highly influenced the vegetation
phenology. The increased fraction of built-up land area delayed SOS, advanced EOS,
and lengthened GSL in urban centres. The SUHII value of the urban cluster was
significantly correlated negatively with SOS but highly and positively with AEOS
and AGSL.

3. The temperature effect was slightly stronger on vegetation phenology than the precip-
itation effect, with the temperature effect on SOS and EOS being highly significant.
A close relationship was found between vegetation phenology and altitude, with the
GSL showing a significant correlation.

4.  The spatiotemporal patterns of the vegetation phenology in the study area along the
urban-rural gradient were the product of urbanisation and natural factors. The inter-
actions between urbanisation and natural factors significantly affected the vegetation
phenology. The contribution of the urbanisation factors to EOS was 44.2%, and the
contribution of the natural factors to SOS was 61.8%.
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