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Abstract

:

Vegetation phenology and its spatiotemporal driving factors are essential to reflect global climate change, the surface carbon cycle and regional ecology, and further quantitative studies on spatiotemporal heterogeneity and its two-way driving are needed. Based on MODIS phenology, meteorology, land cover and other data from 2001 to 2019, this paper analyzes the phenology change characteristics of the Yangtze River Delta from three dimensions: time, plane space and elevation. Then, the spatiotemporal heterogeneity of phenology and its driving factors are explored with random forest and geographic detector methods. The results show that (1) the advance of start of season (SOS) is insignificant—with 0.17 days per year; the end of season (EOS) shows a significant delay—0.48 days per year. The preseason temperature has a greater contribution to SOS, while preseason precipitation is main factor in determining EOS. (2) Spatial differences of the phenological index do not strictly obey the change rules of latitude at a provincial scale. The SOS of Jiangsu and Anhui is earlier than that of Zhejiang and Shanghai, and EOS shows an obvious double-clustering phenomenon. In addition, a divergent response of EOS with elevation grades is found; the most significant changes are observed at grades below 100 m. (3) Land cover (LC) type is a major factor of the spatial heterogeneity of phenology, and its change may also be one of the insignificant factors driving the interannual change of phenology. Furthermore, nighttime land surface temperature (NLST) has a relatively larger contribution to the spatial heterogeneity in non-core urban areas, but population density (PD) contributes little. These findings could provide a new perspective on phenology and its complex interactions between natural or anthropogenic factors.
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1. Introduction


Vegetation phenology refers to the changes in plant characteristics caused by natural environment and climate change, such as germination, flowering, fruiting and defoliation [1,2]. Vegetation phenology affects the surface carbon cycle, terrestrial ecosystem and energy exchange [3,4,5,6] and is closely related to agricultural production and environmental ecology [4,7,8]. As one of the important indicators that can reflect the dynamic change of vegetation and climate change [9,10], the research on the temporal and spatial pattern of vegetation phenology and its related factors has attracted more and more attention.



Many scholars have analyzed the spatiotemporal characteristics of regional phenology and concluded that spring phenology is advanced and that autumn phenology is delayed [4,9,11]. Meanwhile, other studies have found a different conclusion in eastern China and Nanjing due to the complexity of the influencing factors [4,12,13]. Methods such as statistical analysis, correlation, and random forests were used to explore the temporal variation characteristics of phenology and response mechanisms [11,14,15,16,17,18]. In terms of space, the study concluded that spring and autumn phenology in different regions are different with spatial heterogeneity [11,12,14,19]. Although these studies involved the spatial analysis and the conclusion of heterogeneity, little quantitative analysis and discussion of driving factors of heterogeneity has been shown. Some scholars have proposed that the phenological characteristics of different vegetation cover types are different [15,20] and that changes in vegetation cover types will lead to changes in phenology [17,21,22], but quantitative evaluation still requires further research.



Among the influencing factors, temperature and precipitation have become the main climate factors explaining the interannual variation of phenology. Many studies have shown that there is a significant negative or positive correlation between start or end of vegetation growth season (SOS or EOS) and temperature or precipitation [9,11]. At the same time, the impact of climatic conditions on vegetation phenology has an obvious lag effect [9,23,24]. Piao [9] pointed out that in the temperate zone of China, the increase in average temperature in spring leads to the advancement of SOS, and the increase of the average temperature in autumn leads to the delay of EOS. There is a significant negative correlation between SOS and average temperature in the 2–3 months before the season [9,11,25]. Relevant scholars have found that feedback between temperature, precipitation and vegetation phenology is at its greatest in the first month preseason [14,26] and directly use the climate factors in first month preseason to conduct phenological related research and obtain better results [11]. Precipitation has an obvious regulatory effect on phenology in areas that are sensitive to precipitation [8,27]. Research on grasslands in arid and semiarid regions of northeast China [28] and desert grasslands in Inner Mongolia [23] concluded the greening period is mainly controlled by preseason precipitation, SOS in Qinghai is mainly affected by precipitation, and EOS is mainly affected by precipitation and temperature simultaneously [11]. Moreover, studies have shown that diurnal temperature difference has a significant impact on phenology. For example, increased temperature during the day will lead to higher evaporation and lower water content in the root zone [29], thereby inhibiting vegetation growth. Under nocturnal warming, the carbon uptake by plants through leaf photosynthesis overcompensates for the respiration carbon release caused by increased temperature, which promotes plants to accumulate more carbon [30] and may lead to earlier flowering. Meanwhile, Meng [31] and Piao [32] believe that daytime temperature has a higher impact on phenology than nighttime.



In addition, photoperiod has gradually been paid more attention to, and the hypothesis of “photoperiod limitation” has been proposed [33,34,35]. Studies have shown that photoperiod, and its interaction with temperature and other factors, can affect phenology [36,37,38]. The viewpoint of “warmer winter temperatures reduce the sensitivity of phenology to temperature, thus slowing down the advance of spring phenology” was put forward [34]. Photoperiod can also regulate spring phenology by advancing late leaf-out caused by temperature variations [39]. However, Zohner [40] pointed out that “species from high latitudes with long winters leafed out independent of photoperiod”, which makes phenological prediction more complicated. Additionally, the phenology of different tree species responds differently to photoperiod [33,38,39,40], which will become one of the important factors for the change of forest ecological structure under climate warming.



Beyond that, altitude [11,41,42,43], latitude and longitude [19] and urbanization or human activities [4,44] have also become factors affecting phenology. In particular, research on the impact of urbanization on phenology has become a hotspot. Meng [45] pointed out that urban warming advances spring phenology but reduces the response of phenology to temperature in United States. Related research shows that the phenology shifted earlier for SOS, later for EOS, and lengthened for the growing season length (GSL) in urban core areas (urbanization intensity above 50%) relative to their rural counterparts [16,19]. From the heterogeneity of land surface temperature (LST) within the city, the phenological response to it was studied by Samuel C Zipper et al. [46], and it was concluded that the urban phenology is affected by the local surface cover and microclimate, the urban-rural transition zone and local lakes affects GSL.



The above studies have deepened the understanding of the impact mechanism of phenology and provided a basis for the analysis and application of regional and local phenological characteristics. Studies have shown that the sensitivity of spring phenology to temperature in Europe decreases with an increase in temperature [34], while precipitation is more sensitive to arid and semiarid regions [23,27]. It can be seen that vegetation phenology in different geographical locations responds differently to climatic factors, and the influencing factors are also different in regions with different geographical environments, such as mountains, plains, urban and rural areas. Quantitative research on the characteristics of regional phenology and its impact mechanisms is of great significance to the study of climate change and sustainable development. As one of the key urban agglomerations in China, the Yangtze River Delta is affected by both the natural environment and human activities. Studies on its phenology include urban–rural differences, parameter extraction and spatiotemporal changes [16,47,48,49], but the responses and driving factors of its spatiotemporal heterogeneity have not been explained in detail.



In order to provide a better understanding of regional environmental change and land use management, this paper quantitatively analyzes its spatiotemporal heterogeneity and driving factors by introducing random forest and geographic detector methods based on the analysis of the variation characteristics of vegetation phenology. At the same time, we will answer two questions based on the geographical background and its intense human activity: Firstly, what are the characteristics of phenological spatiotemporal changes in the Yangtze River Delta; are they consistent with the rules of latitude change in previous studies? Secondly, what drives the spatiotemporal changes of vegetation phenology in the Yangtze River Delta?




2. Materials and Methods


2.1. Experimental Area


The Yangtze River Delta urban agglomeration (Yangtze River Delta for short) is located in the lower reaches of the Yangtze River in China (Figure 1a). It is close to the Yellow Sea and the East China Sea. According to the “Yangtze River Delta Urban Agglomeration Development Plan (2014–2020)”, the Yangtze River Delta is within the scope of Shanghai, Jiangsu Province, Zhejiang Province and Anhui Province [16,50]. The Yangtze River Delta has a subtropical monsoon climate, crisscrossing rivers and lakes, dense population, numerous cities and great human interference (Figure 1b). Meanwhile, Dabie Mountain in western Anhui—the mountain region in southern Anhui—and in western and southern Zhejiang are the key areas that constitute the green ecological barrier.




2.2. Data and Preprocessing


The experimental data in this paper include the vegetation phenological (VP) data, land cover (LC) data, meteorological data (MD), population density (PD) data, digital elevation model (DEM) and land surface temperature (LST) of the Yangtze River Delta from 2001 to 2019. All data processing was carried out in the Google Earth Engine platform (GEE). The VP data in this paper are Moderate Resolution Imaging Spectrometer (MODIS) Global Vegetation Phenology product (MCD12Q2), which were accessed at https://lpdaac.usgs.gov/ (accessed on 25 November 2021) with a resolution of 500 m.



Referring to previous studies [53], the MCD12Q1 V6 products were used in the paper to determine LC, which provides global land cover types at yearly intervals (Figure 1b). The data were derived using supervised classifications of MODIS Terra and Aqua reflectance data. The resolution was 500 m and used the Annual International Geosphere-Biosphere Programme (IGBP) classification types. Combined with the characteristics of the study area, the paper classified the terrain into forest, shrubland, savanna, grassland, cropland and build-up areas. The area of shrubland in the study area was relatively small (as can be seen in Section 4.2 below), so no separate analysis was made in this paper.



Temperatures at 2 m and total precipitation data were extracted from the ECMWF atmospheric reanalysis data [17] (https://www.ecmwf.int/en/publications (accessed on 10 December 2021)) and resampled to 500 m resolution. The PD dataset is available to download at a resolution of 30 arc seconds (approximately equal to 1 km at the equator) (https://www.worldpop.org/ (accessed on 15 February 2022)). The units are the number of people per square kilometer based on country totals adjusted to match the corresponding official United Nations population estimates that have been prepared by the Population Division of the Department of Economic and Social Affairs of United Nations Secretariat. SRTM DEM come from https://cmr.earthdata.nasa.gov/ (accessed on 17 March 2022). In order to further explore the differences in the effect of different altitudes on phenology, the altitudes were divided into 0–100 m, 100–200 m, 200–500 m, 500–1000 m, 1000–1500 m and 1500–2000 m to be combined with the geographical conditions of the study area and references [54].




2.3. Extraction of Vegetation Phenology Information


MCD12Q2 Version 6 data product was derived from time series of the two-band enhanced vegetation index (EVI2) calculated from MODIS Nadir Bidirectional Reflectance Distribution Function (BRDF)-adjusted reflectance (NBAR). Greenup was defined as the date when EVI2 first exceeded 15% of the segment’s EVI2 amplitude, and dormancy was defined as the date when EVI2 last exceeded 15% of the segment’s EVI2 amplitude. This article took greenup and dormancy as SOS and EOS from MCD12Q2 data. For pixels with more than two valid vegetation cycles, the data represent the two cycles with the largest NBAR-EVI2 amplitudes. SOS in this article adopted the value of the earliest cycle, while EOS was the maximum value between dormancy1 and dormancy2. From dormancy2, it can be seen that the crop rotation period is obvious, and there is a very small amount of forest and built-up vegetation in the study area. In order to facilitate statistical research, the paper converted each value of the phenological index (Days since 1 January 1970) to the day of current year (DOY). The quality of the MODIS phenology product has a good agreement with field observations [4,15,55,56]. Poor quality data were excluded according to the quality analysis layer, and pixels with SOS values before DOY 0 or later than DOY 180 were removed from the analysis [4,57]. The indicator of GSL is also included in this paper, which was defined as the length between the SOS and EOS.




2.4. Analysis of Phenological Changes


In terms of the temporal variation characteristic of phenology, on one hand, least squares linear regression was used to analyze the changing trend of vegetation phenology from 2001 to 2019 [11,15,57], and a nonparametric significance test—the Mann–Kendall (MK) test [58]—was used to detect the significance of trends. The slope of the trend line of the multiyear regression equation represents the interannual change rate, and p value was used to illustrate its significance. If the slope is positive, it means that the phenology is delayed. Otherwise, the vegetation phenology is advanced. On the other hand, in order to explore the relationship between phenology, climate, population density and other factors, this paper selected partial correlation analysis [42] and Pearson correlation coefficient to study its correlation and conduct a significance test.




2.5. Spatiotemporal Heterogeneity Analysis


Random forest is a decision tree algorithm [59] which has been applied to identify the response mechanisms of vegetation phenology [11,17,18]. According to the concentration of phenological index values in the experimental area, one month before the start and end of phenology were selected (i.e., January, February, March, and September, October, November), and two months were extended before as reference (i.e., November, December for SOS and July, August for EOS). The period including these months was defined as preseason. In this paper, the index of increase in node purity (IncNodePurity) of the random forest was selected to rank the importance of factors. In order to express the relative importance more conveniently, the paper adjusted the results and expressed them with the proportion of importance (%). That is, the index value of each factor was divided by the sum of the index value of all factors. Furthermore, 500 trees were used for random forest analysis, and the relationship between preseason climate and vegetation response was described.



If an independent variable has an important influence on a dependent variable, the spatial distribution of the independent variable and the dependent variable should be similar. Based on this assumption, geographic detector [60] was used in this paper to detect the spatial heterogeneity of phenology. Geodetection is a set of statistical methods to detect spatial heterogeneity and explain the driving force behind it. The higher a factor’s score, the greater its contribution to spatial heterogeneity. At the same time, geodetection can also detect the interaction between factors. In order to explore the spatial heterogeneity and related factors of SOS and EOS, this paper selected four factors, including temperature and precipitation from preseason climate factors and population density and land use from human activity factors, to analyze their contribution to SOS and EOS heterogeneity. This means temperature and precipitation in November of the previous year; December of the previous year and January, February, March, July, August, September, October, and November of the subsequent year, as well as PD and LC, were selected as detection factors. The period from 2001 to 2019 was divided into four periods: 2001–2005, 2006–2010, 2011–2015 and 2016–2019. Moreover, R version 4.1.3 (Vienna, Austria) and MATLAB version 2019b (Natick, MA, USA) were used to perform the code for spatiotemporal heterogeneity analysis and to draw relevant graphs.





3. Results


3.1. Spatiotemporal Variation Characteristics of Phenology


This paper discusses the temporal and spatial variation characteristics of phenology from three dimensions, namely time, plane and elevation. From the perspective of time (Figure 2a), it can be seen that the phenological index of the Yangtze River Delta fluctuates from 2001 to 2019, the advance of SOS is insignificant (p > 0.05) at 0.17 days per year and the EOS shows a significant delay (p < 0.01) of 0.48 days per year, and GSL is prolonged by 0.65 days per year (p < 0.05). In the past 19 years, the maximum difference between SOS is about 17.68 days, the maximum difference between EOS is 14.43 days and the maximum difference between GSL is about 24.49 days. The latest SOS and shortest GSL occurred in 2010, and relatively longer GSL occurred in 2007 and 2014.



The paper analyzed the characteristics of phenological change at provincial scale (Figure 2b–d) and found that the SOS in Anhui, Jiangsu and Zhejiang has an insignificant advance (p > 0.05) among which Anhui is the weakest with an average slope of 0.09 days per year. Jiangsu advances 0.24 days per year, while Zhejiang is relatively higher with 0.31 days per year. The minimum annual average difference (16.8 days) of SOS over the past 19 years was found in Zhejiang. The SOS in Shanghai, on the other hand, experienced a sudden change from 2009 to 2011, with an insignificant downward trend before 2009 (slope = −0.59, p > 0.05) and an upward trend after 2011 (slope = 1.40, p > 0.05). On the whole, SOS in Shanghai lagged by 0.59 days per year in the past 19 years (p > 0.05), and the average difference between the lowest and highest value is about 26 days. According to the annual average of SOS, Jiangsu has the earliest starting point of plant growth, followed by Anhui, Shanghai and Zhejiang. The average annual SOS difference among provinces ranged from 1.36 to 23.38 days. EOS in all provinces showed a delayed change trend. The delays in Anhui, Jiangsu and Shanghai are similar and significant (p < 0.01), about 0.63–0.77 days per year, but the changes in Zhejiang are relatively stable and insignificant (slope = 0.02, p > 0.05) with a maximum annual difference of 13.71 days. If the mutation time before 2003 and after 17 years is removed, the slope of the trend line is 0.21 days per year (p > 0.05). The EOSs in Zhejiang and Shanghai have fluctuated in recent 19 years; the intersection point appeared in 2009. In addition, EOS presents a clustering phenomenon, which is represented by Zhejiang and Shanghai and Jiangsu and Anhui. GSLs at provincial scales have insignificant delay trends (p > 0.05), except for Jiangsu. The slope value of Shanghai is the smallest (slope = 0.09), and Jiangsu has the strongest and significant change rate (slope = 1.01, p < 0.05). In terms of average GSL, Jiangsu has the longest growing season, while Anhui has the shortest growing season.



From the perspective of two-dimensional plane space (Figure 3), the spring phenology starts earlier in the northern part of the Yangtze River Delta than in the southern part. Similarly, the EOS of vegetation concentrated in the southern part is later than that in the northern part and is especially later than that in the northwest region. The Yangtze River becomes the dividing line regarding the north–south difference of SOS or EOS in the study area. The GSL value is mainly concentrated between 200 and 300, and the growing season in northern Jiangsu is obviously longer than that in the southern part of the Yangtze River Delta, especially the southwestern part.



The Yangtze River Delta is dominated by plains and hills, but there are mountains in western and southern Anhui and southwestern Zhejiang. From the perspective of elevation, with an increase in altitude, SOS is delayed, EOS advances and GSL is shortened (p < 0.01). For every 100 m increase, SOS is delayed by 1.44 days, EOS advances by 2.48 days and GSL is shortened by 1.05 days (Figure 4a).



According to the six grades classified in this paper (Figure 4b–d), SOS strictly adheres to the characteristic of increasing SOS value (delayed SOS) with increasing altitude. Except for the area below 100 m (no mutation), the mutation points of SOS with other altitude grades occurred at the beginning and end of time series; the EOS and GSL of individual altitude grades have mutation, but the trend is not significant (p > 0.05). Therefore, this paper only analyzes the overall trend of each elevation level. From 2001 to 2019, SOS shows an insignificant advance in all grades (p > 0.05), EOS shows an advancing trend between 200–1000 m and the other three stages are delayed. That is, in the altitude area less than 200 m and greater than 1000 m, delayed EOS appeared. The EOS of the regions with elevation below 100 m has a very significant trend of delay (p < 0.01). Moreover, EOS values above 200 m follow the trend of decreasing as the elevation increases, while the EOS values below 200 m have the opposite characteristics; that is, EOS values below 100 m are earlier than those between 100 and 200 m, and EOS values below 200 m are earlier than those between 200 and 1000 m. Except for 200–500 m, the other grades of GSL show an insignificant extension trend, and the prolongation is very significant below 100 m (p < 0.01). In conclusion, the changes in phenology, especially in EOS and GSL, are more obvious in areas where human activities are concentrated.




3.2. Phenological Characteristics of Different Land Cover Types


From Figure 5, we can see that the vegetation SOSs of five LC types and times are negatively correlated in the past 19 years and are advanced in all of those types. SOS of grassland significantly advanced 1.50 days per year (p < 0.01), followed by build-up areas (urban) and forests (p > 0.05). Except for the insignificant advance and shortening of forests (p > 0.05), the EOS and GSL of all other LC types are delayed. Grassland was delayed the most with a 0.92 average slope of EOS and a GSL slope of 2.42, followed by cropland (EOS slope = 0.85 p < 0.01; GSL slope = 1.05, p < 0.05) and build-up areas (EOS slope = 0.54 and GSL slope = 0.81). EOS and GSL of savannas were insignificantly delayed and prolonged (p > 0.05).



The phenology of cropland started earliest, followed by build-up areas and savannas. The SOS and EOS of forests are both later, but the value is the most concentrated in the study area, while grassland has the widest range of SOS and EOS. The vegetation GSL in build-up areas (mean) is shorter than that of forests and savannas. The GSL of grassland has great difference, but its mean value is smaller than that of cropland. Overall, the growing season of cropland is longer.




3.3. Relationship between Phenology and Climate


Numerous studies have shown that temperature and precipitation are the main controlling factors affecting the interannual variation of phenology. First, the paper analyzed the relationship between phenology and annual average precipitation and temperature (Figure 6). GSL is calculated from EOS and SOS, so this paper only explains the climate-driven relationship between EOS and SOS. The results show that SOS has an obvious negative correlation with temperature (Figure 6a) and precipitation (Figure 6b). The proportion of pixels with negative correlation to pixels in the whole experimental area is 77.58% (Figure 6a) and 70.22% (Figure 6b). The negative correlation is stronger in the southwest of experimental area, but relatively weak in the northwest and south of Jiangsu province. However, in the eastern and northeastern parts, positive correlations prevail. EOS is mainly positively correlated with annual average precipitation and temperature, with the highest correlations being 0.86 and 0.89, respectively. The positive correlation areas are mainly concentrated in the northern mountain areas of Anhui and southwestern Zhejiang, but the proportion of significant areas is not high. In general, the correlation between SOS and annual average temperature is greater than that of precipitation, while the correlation between EOS and annual average precipitation is stronger than that of temperature, and the correlation between EOS and climate factors (annual average temperature and precipitation) is weaker than that of SOS.



The response of preseason temperature and precipitation to phenology are analyzed using the random forest method. It can be seen from Figure 7 that SOS is mainly affected by temperature (importance = 65.09%). In particular, the temperature in March is the most important (importance = 27.8%) and has a significant negative correlation with SOS (Pearson = 0.681, p < 0.01). The average temperature from January to March is the second-most important factor for SOS. SOS in January, February and March is mainly affected by temperature. In November and December, there is not much difference between the contribution of temperature and precipitation to phenology, meaning SOS in November and December is influenced by both temperature and precipitation, but none of them pass the significance test (p > 0.05). EOS is mainly driven by precipitation (importance = 62.61%), especially the average precipitation from September to November (Pearson = 0.684, p < 0.01). During these three months, the most important factor is precipitation in October, followed by September. In July, September, October and November, precipitation is more important than temperature, while in August, temperature is more important but not significant (p > 0.05).




3.4. Spatial Heterogeneity and Its Driving Factors


The contribution of the temperature from November to February (TM11–TM2) to SOS gradually increased, and the highest contribution value is concentrated in February (Figure 8a). Meanwhile the contribution of the temperature from July to November (TM7–TM11) to EOS also shows a gradually increasing trend, and the month with highest contribution value is November (Figure 8b). This indicates that in the first month of the season, temperature contributed the most to SOS, and the highest-contributing month to EOS is the last month of the season. However, the relationship between preseason precipitation (TP11–TP2 and TP7–TP11) and heterogeneity of phenology is more complicated. The highest contribution to SOS of the four periods falls in February, March, January and March, respectively, while the highest contribution to EOS mainly falls in November and August. In particular, EOS is not only affected by midseason precipitation but also by preseason precipitation.



In addition, PD has a small impact on heterogeneity of phenology in the four time periods, the highest is 9.15% in 2001–2005, but the contribution of LC is as high as 34.06%. Overall, the effect of precipitation on heterogeneity of phenology is greater than that of temperature. For SOS, the contribution of LC is higher than that of temperature and slightly lower than that of precipitation. For EOS, the contribution of LC is higher, and the influence of the yearly average precipitation on the spatial heterogeneity of phenology is also high. Moreover, the combined effect of factors is much larger than the independent effect of each, indicating that the spatial heterogeneity of phenology is not caused by a single factor.





4. Discussion


4.1. Phenological Change Characteristics


In the terms of temporal variation characteristics, the trend of vegetation phenology in the Yangtze River Delta is consistent with previous research [16,47]; that is, SOS has an advancing trend from 2001 to 2019, while EOS is delayed and GSL is prolonged. Due to different data sources, periods and different research objects, the ranges of SOS and EOS value deviate slightly from the conclusions of Ding [16] and Han [48]. The SOS has been delayed since 2008 and peaked in 2010, resulting in the shortest GSL in 2010. A possible reason is that the temperature dropped sharply in 2008 compared with 2007, and this drop continued until 2011. At the same time, the precipitation increased from 2008 to 2010, but in 2011, it started to decrease. In addition, spring phenology has a significant correlation with the average temperature in January to March, and the correlation is also significant between spring phenology and average temperature in March, which are basically consistent with the conclusion of Zheng et al. [47].



The inconsistency of land cover types in various provinces has become one of the main reasons for the spatial heterogeneity of phenology, and the distribution of climate and land cover types comprehensively determines the differences in phenology. In Anhui and Jiangsu Provinces, the characteristics of cropland phenology play a major role in the conclusion that “SOS of Anhui and Jiangsu is earlier than that of Zhejiang and Shanghai”. Especially in the northern part of Jiangsu, the proportion of cropland is relatively larger and the SOS of cropland is the earliest, which led to the earlier SOS in Jiangsu than in other provinces. At the same time, cropland is also the main reason why the GSL of Jiangsu is longer than that of Zhejiang. The three provinces and Shanghai show the characteristics of double-clustering on EOS, which follows the principle of geographical similarity. In terms of latitude, although EOS advances with the increase in latitude at the provincial scale, SOS does not follow this rule. This is probably because the latitude and longitude spans of the study area are not large and their influence on phenology is less than that of land cover type, so their influence is not obvious.



As one of the highly developed cities, SOS value in Shanghai was less than 90 in all years except 2017 and 2019, which is consistent with previous research [16,48]. However, the possible reason for the interannual delay trend of SOS is that Shanghai is a coastal city which is located in the Yangtze River estuary. Firstly, the differences of land use and microclimate will be influenced by artificial and sea environment, and studies [21,46] believe that the microclimate can change phenological characteristics. Secondly, other studies pointed out that salting inhibited germination and leaf spreading [61,62] and caused increased asynchrony between individual pieces of vegetation [63]. The degree of saltiness in soil varies from year to year, and there is a possibility of residual accumulation of saltiness, which results in the delayed SOS of regional vegetation. Thirdly, individual differences among different species, extreme weather, human activities or environmental pollution may affect urban vegetation phenology [9,64,65]. Artificial vegetation is the main vegetation in Shanghai, and the degree of artificial management and protection are also factors affecting phenology. In addition, Li [4] and Wang [13] also pointed out that due to the complexity of phenology, the phenology of some cities would show opposite phenomena.



The results of phenology in the altitude dimension are that SOS is delayed, EOS is advanced and GSL is shortened with the increase in altitude, which is similar to the conclusions of Liu et al. [11] and Jeffery et al. [43]. However, due to the difference in research area, geographical environment and altitude, there are still differences in the value of the amplitude and trend of change. The conclusion of advanced SOS at different altitude grades is consistent with previous studies [17,20,43,66]. A phenology study of the European Alps showed that although EOS was advanced by 0.69 days per year on average [66], the results of EOS were different at different altitudes, and EOS was delayed between 1400 m and 1800 m. However, above 2000 m, EOS was advanced [43]. This is similar to the conclusion in this paper that the postponement trend is found above 1000 m. Insignificant fluctuation is likely to be caused by the insignificant climate change in recent years in experimental area and the stronger adaptation and regulation effect of forests on climate. EOS change below 100 m is significant; the main reason is the joint effect of climate and human activities because the region below 100 m is the area with intense human activities. Advanced EOS between 200 m and 1000 m may be caused by comprehensive factors such as local climate, environment, human activity and forest species types, such as terraced fields and economic forests.




4.2. Impacts of Land Cover Type on Phenology


The SOS and EOS values at different times are dependent on the type of land cover. In the past 19 years, the SOS of vegetation of the five land cover types in this paper all showed an earlier trend, but the amplitudes were different. Among them, the start time of phenology in build-up areas advanced by 0.27 days per year. A possible reason for this is that the vegetation in build-up areas is more severely affected by human activities and climate, such as artificial cultivation. This result is lower than the result of SOS trend in suburbs, while the slope of EOS in build-up area is 0.54 days per year, which is similar to the result (0.56 days per year) in suburban areas found by Ding [16]. Possible reasons are that different resolutions and data sources, mixed pixels and extraction methods may lead to different results. Additionally, different regional definitions are the key reasons for different results. In this study, vegetation in build-up areas does not have the longest growing season. This conclusion is different from the conclusion of Zhang [15] that urban growth season length is second only to cropland, which is mainly due to the different geographical environment and regional definition. Firstly, this paper does not include the urban core because of the coarse resolution of LC and phenology data. Secondly, the study area is dominated by subtropical monsoon climate, including some temperate and subtropical transitional regions, which is different from other research areas.



The conclusion that the SOS and EOS of grassland are earlier than that of forest is similar to that of Wang [49]. Meanwhile, the reason why grassland has a longer SOS range in this study area is that there are fewer natural grasslands in this experimental area, and artificial grassland is greatly affected by grassland type and artificial conservation. The cropland has the earliest phenology and the longest growing season, which is related to the fact that cropland has multiple crop rotation. In Anhui and northern Jiangsu, it is dominated by two rounds of crops. The conclusion that cropland has the longest growing season is consistent with other research [2,4,15,16]. It is interesting that the EOS of forests shows an overall advancing trend over time which is delayed first and then advances. A possible reason is that the forests in this experimental area are located in the mid-altitude mountainous areas of southwest Anhui and Southwest Zhejiang. EOS between 200–1000 m shows an advance trend, and this area occupies a large proportion of the forest area. In addition, there are plantation forests and economic forests, such as oil palm and bamboo, in the mountainous areas of western and southern Anhui, as well as in the mountainous areas of southwest Zhejiang. In addition, there are terraces under human activities in this area.



The relationship between land cover type and phenology was studied by Qiu [21], and it was concluded that different land cover has different phenological characteristics, which is consistent with the research in this paper. Land cover types have a great impact on the spatial heterogeneity of phenology due to their different phenological characteristics and may also have an impact on the temporal change of phenology. It is found by the random forest method that the importance of land cover on phenology is much larger than that of climate in this region spatiotemporal detection. According to the statistical data of land cover types, they changed from 2001 to 2019. Overall, the area of forest, grassland and build-up area show an increasing trend, and the largest increase in proportion of build-up area is about 58.3%. The rapid expansion of urban land is consistent with the research of [67]. The area of shrubland is the least, and the savanna increased and then decreased from 2001 to 2010, with the change being within 5%. Cropland area decreased gradually before 2015 and increased slightly from 2015 to 2019, which may be related to China’s policy of returning housing to farmland. The transfer of land cover types from 2001 to 2019 is shown in Figure 9. On the whole, the area of each land use type fluctuates, which indirectly leads to the interannual fluctuation of phenology. However, since the area of land use itself is larger than the changing area, its phenological characteristics still maintain and control the phenological change characteristics of the study area. The build-up area with the largest increase also presents the characteristics of SOS advance and EOS delay. It is worth noting that land use or land cover types include not only the five types mentioned in the paper, but also water bodies, etc. Since the study in this paper mainly focuses on the phenology of vegetation, other types are not objects of concern in this paper. Meanwhile, it can be seen from Figure 9 that shrubland area is very small, and the phenology of shrubland is not studied in detail in this paper. In addition, due to the impact of resolution, there are likely uncertainties in the amount of land transfer, but the change trend is worthy of reference.




4.3. Effects of Population Density and Land Surface Temperature on Phenology


In view of the fact that population density [48,68] and surface temperature [4] have been closely related to urban phenology in previous studies, supplementary analyses was made in this paper. From the perspective of interannual variation trend (Figure 10a), GSL in build-up areas (non-core urban) showed a significant positive correlation with daytime surface land temperature (DLST) (R2 = 0.30 p < 0.05), but there was insignificant positive correlation between GSL and nighttime surface land temperature (NLST) (R2 = 0.09, p > 0.05). The result is consistent with previous research. That is, the farther away from the city, the weaker the relationship between LST and phenology. When the distance from the city was greater than 6 km [48], or even more than 15 km [68], the relationship between LST and phenology was not obvious. In addition, from the perspective of p value, NLST is not the main factor of phenological fluctuation in build-up areas. PD showed an increasing trend, and there is an insignificant negative correlation with SOS (R2 = 0.13, p > 0.05) and significant positive correlation with EOS (R2 = 0.48, p < 0.01) and GSL (R2 = 0.52, p < 0.01). This is consistent with the conclusion that population density is related to urban phenology [48,68]. Due to the data’s resolution and the characteristics of phenological data sources, the central area of the city is not included in the build-up areas in this paper, which is also a possible reason why the correlation between the phenology of urban area and PD and LST is lower than in previous studies.



The results (Figure 10b) show that the contribution of temperature (TM) and precipitation (TP) to heterogeneity of phenology in build-up areas is higher than that of PD; the contribution of NLST is greater than that of DLST. The contribution of NLST to SOS heterogeneity is the highest, while the contribution of TM to EOS is the highest, but the overall contributions are both less than 14%. NLST is one of factors influencing the non-core urban phenology of spatial heterogeneity, but the PD is not a key element. The reason why PD has little influence on spatial heterogeneity may be that the PD of non-core urban areas itself has little heterogeneity. This also indirectly proves that urban areas, based on classification, are less sensitive to phenology [69].





5. Conclusions


The paper analyzed the phenological change in the Yangtze River Delta from the three dimensions of time, plane space and elevation by using MODIS phenology, meteorological data, land surface temperature, land use and population density data. On this basis, the main driving factors of interannual variation and spatial heterogeneity of phenology and their response mechanisms were analyzed using the random forest and geographic detector methods. Furthermore, the relationship between phenology and PD and LST are studied in non-core urban areas. The conclusions are as follows:




	(1)

	
SOS in the Yangtze River Delta shows an insignificant advance (p > 0.05) of 0.17 days per year, EOS is significantly delayed (p < 0.01) by 0.48 days per year and GSL is prolonged by 0.65 days per year (p < 0.05). SOS has an obvious negative correlation with temperature and precipitation, and EOS has a positive correlation with them. Preseason temperature has a greater contribution to SOS, while preseason precipitation is a major factor of EOS. Two months before the growing season, it is jointly affected by temperature and precipitation.




	(2)

	
Large divergent responses of vegetation phenology to spatial distribution and elevation grades are found. The variation characteristics of SOS and GSL in the Yangtze River Delta and its provinces do not obey the rules of latitude variation. EOS values above 200 m follow the trend of decreasing as elevation increases, while the EOS values below 200 m have the opposite characteristic. In addition, the changes in phenological indexes of vegetation below 100 m are the most obvious.




	(3)

	
The phenology of vegetation is different in the five LC types. In addition, the contribution of LC types to the spatial change of phenology is greater than that of temperature and precipitation, and the transfer of LC may also be one factor driving the interannual change in phenology.




	(4)

	
In non-core urban areas, NLST has a relatively large contribution to the spatial heterogeneity of phenology. Although PD has a strong correlation with GSL, it contributes little to spatial heterogeneity.









It is worth noting that due to the limitations of data sources, the loss of urban center areas in this study will have a certain impact on the research results, especially the statistics of vegetation phenology in build-up areas. As the next step, high-resolution images will be introduced for research and supplement. The interannual change of the LC area of each type is less than the area of LC itself, and the interannual change of PD in non-urban areas is small, so the drive of LC and PD on phenology is not quantified when analyzing change drivers of temporal heterogeneity. The follow-up must take urban area as the main research object to study the two factors and their response relationship. Finally, the driving forces of each LC type are temporarily not within the scope of this paper, and other influencing factors (accumulated temperature, photoperiod, carbon dioxide concentration, etc.) are not taken into account. This approach will be further refined in the follow-up research.
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Figure 1. Location of Yangtze River Delta with DEM [51] (a) and land cover for 2015 [52] (b). 






Figure 1. Location of Yangtze River Delta with DEM [51] (a) and land cover for 2015 [52] (b).



[image: Remotesensing 14 02984 g001]







[image: Remotesensing 14 02984 g002 550] 





Figure 2. Temporal characteristics of phenology. (a) represents the interannual variation characteristics of phenology in the whole Yangtze River Delta region. (b–d) represent interannual variation characteristics of SOS, EOS and GSL in different provinces, respectively. The phenological index unit (day) represents the day of year. SOS, EOS and GSL plus slope are the slopes of trend line of SOS, EOS and GSL. Province plus slope represents the slope of changing trend at the scale of provinces. 
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Figure 3. Spatial distribution of SOS (a), EOS (b) and GSL (c) in Yangtze River Delta. 
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Figure 4. The relationship between phenology and altitude. (a) is the relationship between phenology and altitude in the whole region. (b–d) represent change characteristics of SOS, EOS and GSL, respectively, in different elevation stages with time. The phenology index unit (day) is the day of year. Lines with different colors represent different elevation grades. Slope1 to Slope6 are the slopes of trend line at six grades of elevation. 
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Figure 5. Boxplot of SOS, EOS and GSL across different land cover types. The unit (day) is the day of year (DOY). The letters C, G, U, F, S are cropland, urban (build-up areas), forest, grassland, and savanna, respectively. The letters plus slope represent the change rate of different land cover types. The central mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. 
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Figure 6. Partial correlation between phenology and annual mean temperature or precipitation. Graph a and b are partial correlations between SOS and annual mean temperature (a) and annual mean precipitation (b). (c,d) are the figures of partial correlation between EOS and annual mean temperature (c) and annual mean precipitation (d). The main graph shows partial correlation, and the attached graph in the lower left corner shows significance at each pixel. The percentage numbers in the pie chart represent the percentage of pixels where positive or negative correlation are detected in the study area, with orange indicating positive correlation and blue indicating negative correlation. 
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Figure 7. Rank of importance of SOS (a) and EOS (b) influencing factors. * represents the importance value of each factor. TM and TP represent average temperature and precipitation. The number behind TM or TP represents the month of the year; for example, TM1 represents the average temperature in January. The numbers 1–3 or 9–11 represent the average temperature or precipitation in these three months. TM11 or TP11 in (a) means temperature or precipitation in November of previous year. TM11 or TP11 in (b) means temperature or precipitation in November of current year. 
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Figure 8. Contribution of driving factors to spatial heterogeneity of SOS (a) and EOS (b). TM and TP represent the average temperature and precipitation. The number behind TM or TP represents the month of the year. TM123 and TP123 represent the average temperature and precipitation in January February and March. TM11 or TP11 in (a) represents temperature or precipitation in November of previous year. TM11 or TP11 in (b) represents temperature or precipitation in November of current year. TMY and TPY represent annual average temperature and precipitation. 
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Figure 9. Land use transfer from 2001 to 2019. Numbers are the amount of land transferred in square kilometers. Orange arrows and numbers are only to distinguish them from the gray ones. 
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Figure 10. Phenology response to LST and PD. (a) shows the relationship between LST, PD and phenology. (b) depicts the contribution of spatial heterogeneity. 
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