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As a sensitive, observable, and comprehensive indicator of climate change, plant phenology has become a vital topic of global change. Studies about plant phenology and its responses to climate change in natural ecosystems have drawn attention to the effects of human activities on phenology in/around urban regions. The key factors and mechanisms of phenological and human factors in the process of urbanization are still unclear. In this study, we analyzed variations in xylophyta phenology in densely populated cities during the fast urbanization period of China (from 1963 to 1988). We assessed the length of the growing season affected by the temperature and precipitation. Temperature increased the length of the growing season in most regions, while precipitation had the opposite effect. Moreover, the plant-growing season is more sensitive to preseason climate factors than to annual average climate factors. The increased population reduced the length of the growing season, while the growing GDP increased the length of the growing season in most regions (8 out of 13). By analyzing the impact of the industry ratio, we found that the correlation between the urban management of emerging cities (e.g., Chongqing, Zhejiang, and Guizhou) and the growing season is more significant, and the impact is substantial. In contrast, urban management in most areas with vigorously developed heavy industry (e.g., Heilongjiang, Liaoning, and Beijing) has a weak and insignificant effect on plant phenology. These results indicate that different urban development patterns can influence urban plant phenology. Our results provide some support and new thoughts for future research on urban plant phenology.
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1 INTRODUCTION
In recent decades, the number of studies on plant phenology and the annual sequence of plant developmental stages, has increased rapidly, providing vital information about how ecosystems respond to climate change (Menzel et al., 2006; Chuine and Régnière, 2017; Chen et al., 2018; Stucky et al., 2018). The global surface temperature during 2011–2020 was 1.09 (0.95–1.20)°C higher than that during 1850–1900 (IPCC, 2021), strongly affecting phenological periods in terrestrial ecosystems (Linderholm, 2006; Rosenzweig et al., 2008; Richardson et al., 2013). The growing season lengthens as the average temperature rises (Steinaker and Wilson, 2008), thus, affecting life cycles, the seasonal variation of energy and water exchange, the carbon cycle, and aerosols formed between the surface of the land and the atmosphere (Ryu et al., 2008; Yang and Rudolf, 2010; Wolf et al., 2017; Fu et al., 2020). Satellite-based studies have revealed that the start of the growing season has been gradually earlier, and the end of the growing season has been delayed over the past 3 decades (Piao et al., 2006; Jeong et al., 2011; Zhu et al., 2012). This earlier start and later end of the growing season has been reported to coincide with a warming trend in recent decades (Peñuelas and Filella, 2001; Fu et al., 2015).
The establishment of the international phenological network has facilitated the collection and sharing of phenological data on a large and standardized scale (Templ et al., 2018). However, a variety of factors, such as poor observation conditions (e.g., clouds, snow, and ice), bidirectional reflection distribution function (BRDF) effects, and sensor shifts, may reduce the accuracy of the satellite-based large-scale estimation of plant phenological events (Pinzon and Tucker, 2014; Piao et al., 2019). It is necessary to establish an in situ observation network, which will help to synthesize the various factors. The urban and natural ecosystems differed in influencing plant phenology factors (Yoshie and Fukuda, 1994; Omoto and Aono, 2010), especially the temperature and precipitation in the vicinity of large and medium-sized urban agglomerations. In addition, human activities such as urbanization are essential factors affecting climate conditions, soil properties, hydrology, and ecosystem processes (Ren et al., 2018). Combined with increasing human activity, the causal relationship between biological trends and climate change is more complex (Parmesan and Yohe, 2003). Urbanization and other human activities also affect climate conditions, soil properties, hydrology, and ecosystem processes, so they also influence plant phenology (Ren et al., 2018). It is urgent to analyze it comprehensively.
Most previous studies in China have also suggested that the start of the growing season has an early trend, and there is a tendency of postponement at the end of it (Piao et al., 2006; Ma and Zhou, 2012). However, phenological changes differed among regions in China, and it is still controversial and remains unclear. After the 1980s, regional phenology changed due to regional climate differences. The spring phenology was advanced in northeast China, North China, and the Lower Reaches of the Yangtze River but was delayed in the east and southwest of the middle reaches of the Yangtze River (Ge et al., 2014). Most regional studies suggest that phenological changes are driven by temperature, but some areas, such as the Tibetan Plateau, are almost always related to precipitation and vegetation types (Yu et al., 2010; Shen et al., 2014).
Studies on plant phenology in China are insufficient, with fewer analyses than those in Europe and North America (Schwartz and Chen, 2002). Moreover, the IPCC AR4 global comprehensive assessment did not cover the study of plant phenological changes in China (IPCC, 2007). However, China is a very suitable region for studying plant phenology changes during urbanization. In the late 1970s, China implemented the reform and opening-up policy and established a market economy. Noticeable changes have taken place in all aspects of the urban economic structure of China, especially the economic development zone on the east coast (Li et al., 2005; Chen et al., 2007). The high concentration of central cities in the coastal areas and the large dispersion in the mainland are prominent features of the urban system of China (Zhou and Zhang, 2003). The Chinese Phenological Observation Network was established in 1963. In the early 1990s, systematic phenological observations gradually stopped, but valuable data were still left to support the study of phenology in this particular period (Ge, 2010). Nevertheless, there is little research on the influencing factors of plant phenology in these major urban agglomerations.
Analyzing the plant phenology and its influencing factors in eastern urban regions during the economic transition period of China (1963–1988), we aimed to solve the following problems: 1) changes in urban plant phenology during the rapid onset of urbanization in China, 2) the effects of climate factors and anthropogenic factors on plant phenology in the vicinity of cities in the fast urbanization period in China, and 3) the effects of different urban development routes on urban plant phenology.
2 MATERIALS AND METHODS
2.1 Study Area
Our study area covers the eastern coastal region of China (108°12′E∼135°05′E, 20°54′N∼53°33′N), including 13 provinces, which are distributed in three different zones (see Figure 1, zones II to IV). Zone II and zone III belong to the monsoon climate of medium latitudes, and zone IV belongs to the subtropical monsoon climate. They all have distinct seasons, with higher temperatures and more precipitation in summer. These three different zones belong to other vegetation types, including temperate coniferous and broadleaved mixed forest (zone II), warm temperate broadleaved deciduous forest (zone III), and subtropical evergreen broadleaved forest (zone IV). After data screening, we selected phenological records from 17 phenological observation sites (Figure 1), and these observation sites were located in parks or school gardens in cities. Zone II contains one site in Heilongjiang. Zone III contains one site in Liaoning, two in Beijing, three in Shandong, one in Shanxi, and one in Henan. Zone IV contains two sites in Jiangsu, one site in Zhejiang, one in Hunan, one in Chongqing, one in Guangxi, one in Guizhou, and one in Sichuan.
[image: Figure 1]FIGURE 1 | The distribution of sites and vegetation types in the study area. The red dots represent the selected sites, and their size represents the data volume of phenological data of sites. The different colors of the base map represent the different types of plants from the vegetation map of China (1:4,000,000) (Hou, 1983). The vegetation regionalization map of China (1:6,000,000) was provided by the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn).
2.2 Data Sources
The phenological data come from the Chinese Phenological Observation Network (CPON) established in 1963 (http://www.geodata.cn), administered by the Institute of Geographical Sciences and Natural Resources Research (IGSNRR) and the Chinese Academy of Sciences (CAS). The weather data were collected by the Chinese Meteorological Agency (http://data.cma.cn/). Population and GDP figures come from the National Bureau of Statistics of China (https://data.stats.gov.cn/).
2.3 Data Processing
2.3.1 Phenological Data
From the obtained data, we selected 17 observation sites with a cumulative observation time of more than 10 years from 1963 to 1988. After that, we selected data from the phenological data of these sites (see Supplementary Figure S1 for tree species information of each site) with plant species that had the entire germination stage (GES) and wilting stage (WIS). The length of the growing season (GSL) is derived from the date of the total discoloration of the leaves and the date of the beginning of the leafing.
2.3.2 Environmental Factors
The data we obtained were the average temperature at the monthly scale in China from 1963 to 1988. By averaging the monthly average of 12 months per year, we obtained the average annual temperature of each site from 1963 to 1988. On the regional scale, we obtained the average annual temperature of the region by calculating the average of all the sites. We also averaged the annual total precipitation for all the sites in the region as the annual total precipitation for the region. The temperature and precipitation from January to March and the temperature and rainfall from August to October are preseasonal climate factors.
2.3.3 Anthropogenic Factors
We chose the population and GDP representing anthropogenic factors that are commonly used in other studies. Because city-scale demographic and economic statistics are not readily available for the observation sites, we obtained the total population and GDP of the provinces from 1963 to 1988. To compare differences between regions, we calculated the population per unit area of the site and further calculated GDP per capita. To further analyze the influence of human activities on urban plant phenology under different industrial structures, we also calculated the proportion of output value of the tertiary industry in each study area from 1963 to 1988. The ratio is obtained by calculating the third industry output and the total GDPs of each site.
2.4 Data Analysis
2.4.1 Regional-Scale Analysis
The change in the phenological period was obtained by calculating the average GSL from 1963 to 1988 in the study area. After that, we calculated the annual mean temperatures and annual mean precipitation, and their changes from 1963 to 1988.
2.4.2 Sites Scale Analysis of Climate Factors
We calculated the average GSL of all species separately for the selected sites. Then we calculated annual mean temperatures and annual total precipitation. Afterward, the change rate in GSL was linearly correlated with changes in temperature and precipitation. To determine the main factors influencing plant phenology in urban areas, we also carried out correlation analyses between preseason climatic factors and phenological periods and between industry proportion and phenological periods. The annual rate of change of the germination stage and the wilting stage were obtained by calculating the mean value of the germination stage (we start the date of opening the leaflet as the germination stage) and the wilting stage (we use the date of the discoloration of the leaves as the wilting stage).
2.4.3 Site Scale Analysis of Anthropogenic Factors
Due to the differences in area and population of each site, to increase the comparability between regions, we calculated the GDP per capita and population per unit area of all the study sites and calculated the rate of change of all the above datasets year by year. After that, we also calculated the annual change rates of the output value and total output value of the tertiary industry, which, together with the change rates of GDP and population, were used as anthropogenic factors and the length of the growing season for correlation analyses.
2.5 Statistical Analyses
To discriminate the different effects of factors, linear fitting regressions of temperature, precipitation, population, and GDP were conducted with the GSL. The fitting results were tested for significance by the two-tailed method. The correlation coefficients were calculated by Pearson’s and Spearman’s rank correlation analyses. Significant differences in factor effects between the sites were obtained by one-way analysis of variance (ANOVA). In the correlation, a p-value less than 0.05 was considered significant, and a p value less than 0.01 was considered extremely significant. Principal component analysis (PCA) was used to determine the importance of influencing factors on the GSL in each sub-region. All data were statistically analyzed by IPM SPSS Statistics 22. The above analysis is presented by Origin pro 8 in the form of a figure. The spatial distribution of the correlation of linear analysis is a product made by ArcMap 10.5.
3 RESULTS
3.1 Temporal and Spatial Dynamics of Climate
By calculating the annual mean temperature and the annual total precipitation over all study sites, we obtained their changes from 1963 to 1988 (Figure 2). The temperature changes in this period showed a trend in fluctuation and increase at the whole regional scale, with obvious inter-annual differences. The maximum annual mean temperature is 14.36°C, and the minimum value is 12.58°C. During this period, the precipitation showed a trend of fluctuation and decline at the scale of the whole area, and there was a great difference in precipitation between years. The maximum annual mean precipitation was 1,097.09 mm, with a minimum of 816.74 mm.
[image: Figure 2]FIGURE 2 | The spatiotemporal dynamics of climate at the study sites (1963–1988). (A) Inter-annual average temperature variation curves of the mean values across all study sites. (B) Inter-annual total precipitation variation curves of the mean values across all study sites, (C) Spatial distribution of mean annual temperature (MAT). (D) Spatial distribution of mean annual precipitation (MAP), (E) Spatial distribution of the change trend in MAT, (F) Spatial distribution of the change trend in MAP. The light gray areas in the figures represent the areas with no data; the blue area represents the declining trend; the red area represents the increasing trend, and the color from light to dark indicates the increasing significance (±1: p > 0.05, ±2: p < 0.05, ±3: p < 0.01).
Due to the influence of geographical location and topography, the climate of subregions in the whole area varies greatly. The average temperature in the subregion was the highest in Guangxi (19.31°C) and the lowest in Heilongjiang (3.64°C). The annual total precipitation of subregions was the highest in Guangxi (1,869.8 mm) and the lowest in Heilongjiang (530.7 mm). The temperature of most regions is increasing, and the most significant is in Guangxi and Liaoning. Three subregions showed a decreasing trend in temperature, namely, Sichuan, Chongqing, and Henan. Among them, the temperature decrease in Sichuan is the most significant. There are five sub-regions with increased rainfall, none of which is extremely significant, and only Zhejiang is significant. There are seven subregions with reduced rainfall, but decreased rainfall is significant only in Shandong and Guizhou. Overall, temporal variations in temperature are more significant than precipitation variations.
3.2 Temporal and Dpatial Dynamics of Anthropogenic Factors
The temporal and spatial dynamics of anthropogenic factors in the study area were obtained by the statistics of population per unit area and GDP per capita of each sub-region each year (Figure 3; Supplementary Tables S1, and S2). The population increased from 28.45 million per unit area to 43.21 million per unit area, and the corresponding per capita GDP increased from 0.018 to 0.145.
[image: Figure 3]FIGURE 3 | The spatiotemporal dynamics of human activities at the study sites (1963–1988). (A) Inter-annual population density variation curves. (B) Inter-annual GDP per capita variation curves. (C) Spatial distribution of mean annual population densities (MAPD). (D) Spatial distribution of mean annual GDP per capita (MAG). (E) spatial distribution of the change trend in MAPD. (F) Spatial distribution of the change trend in MAG. The light gray areas in the figures represent the areas with no data, and in (E) and (F), the color from light to dark indicates an increase in amplitude (p < 0.01).
Beijing is the most populous and developed, with unit area population and unit area GDP of 631.5 × 104 km−2 and 244.2 × 108 RMB km−2 in 1988, respectively. The northernmost province of Heilongjiang is the most sparsely populated, with a unit area population size of approximately 76.2 × 104 km−2 in 1988. Its unit area GDP is slightly higher than that of Guizhou, only 12.1 × 108 RMB km−2. In terms of quantitative sorting, the order of population and GDP in the eastern provinces of China was basically the same in 1988. In other words, it shows that densely populated cities are more developed.
The population growth and development of different provinces were quite different from 1963 to 1988. The population growth rate of Beijing was the greatest in all provinces, reaching 9.33 × 104 km−2 year−1. Heilongjiang also has the lowest population growth rate of 0.95 × 104 km−2 year−1. Although the population of the unit area in Henan is not particularly large, its growth rate is only second to that of Beijing. The fastest and slowest growth in GDP is Beijing and Heilongjiang, approximately 13.38 × 108 and 0.63 × 108 RMB km−2 year−1, respectively. We found that the rate of urban development was almost synchronous with the rate of population growth.
3.3 Temporal and Spatial Dynamics of the Phenological Period
The temporal dynamics of plant phenology in 1963–1988 were calculated and analyzed based on the germination stage, wilting stage, and the length of the growing season of the woody plants (Figure 4; Supplementary Figures S1–S3). During the period from 1963 to 1988, the length of the growth season of the whole region ranged from 183.0 to 213.2 days, with an average of 200.1 days. The germination stage was concentrated on days 92.5–116.8 of each year, with an average of approximately 102.1, and the years with the largest variation were concentrated in 1976, 1980, and 1987. The wilting stage occurred on days 277.0–296.5 of each year, with an average of approximately 286.5, and the years with the largest variation were concentrated from 1974 to 1978.
[image: Figure 4]FIGURE 4 | The temporal dynamics of the phenological period at the study sites (1963–1988). The green line is the inter-annual variation in the germination stage; the brown broken line shows the inter-annual variation in the wilting stage, and the black broken line shows the inter-annual variation in the length of the growing season.
The spatial dynamics of plant phenology were calculated and analyzed in sub-regions (Figure 5). Spatially, the germination stage showed an obvious pattern of gradual delays from north to south. Although there was a similar pattern for the wilting stage, the delay was less pronounced in the interior southwest. This reduced the increases in the length of the growing season in these southern subregions. Germination stages were delayed in all other sub regions except Guizhou. The variations in germination stages in northern subregions, such as Heilongjiang, Shanxi, and Liaoning, were not significant, while those in southern sub-regions, such as Guizhou, Guangxi, and Zhejiang, were significant, indicating regional differences between the north and the south. Coastal areas were more likely to wither earlier. Inland Chongqing and Hunan, however, experienced a significant delay in wilting. The growing season lengthened only in two northeast and two southwest subregions, especially in Chongqing and Guizhou.
[image: Figure 5]FIGURE 5 | The spatial dynamics of the phenological period at the study sites (1963–1988). (A) Spatial distribution of germination stage. (B) Spatial distribution of the change trend in germination stage. (C) Spatial distribution of the wilting stage. (D) Spatial distribution of the change trend in the wilting stage. (E) Spatial distribution of the growing season. (F) Spatial distribution of the change trend in the growing season. The light gray areas in the figures represent the areas with no data. In(B), (D), and (F), the blue area represents the declining trend, while the red area represents the increasing trend, and the color from light to dark indicates increasing significance (±1: p > 0.05, ±2: p < 0.05, ±3: p < 0.01).
3.4 The Impact of Climatic and Anthropogenic Factors on Plant Phenological Periods
3.4.1 The Effect of Factors on the Lengths of the Growing Season
We conducted linear analyses of the annual mean temperature of each sub-region and the annual rate of the length of the growing season, and the average annual precipitation, population per unit area, and GDP per capita were similarly analyzed (Figure 6; Supplementary Table S3). We found that temperature changes were positively related to the length changes during the growing season in most regions. The most significant correlation sub-region was Beijing (slope = 0.523, R2 = 0.692, p < 0.01). Temperature had a great influence on the growth season of Guizhou, but the correlation was not significant (slope = 1.059, R2 = 0.009, p = 0.323). There were four southern sites that were negatively correlated with the length of the growing season, in Zhejiang, Guangxi, Sichuan, and Jiangsu (slope = −2.19, −0.899, −0.626, and −0.012, respectively).
[image: Figure 6]FIGURE 6 | The effect of factors on the length of the growing season. Orange is negative, and green is positive. (A) Spatial distribution of the relationship between temperature and the length of the growing season. (B) Spatial distribution of the relationship between precipitation and the length of the growing season. (C) Spatial distribution of the relationship between GDP and the length of the growing season. (D) Spatial distribution of the relationship between population and the length of the growing season. The light gray areas in the figures represent the areas with no data. The blue area represents the declining trend, while the red area represents the increasing trend, and the color from light to dark indicates the increasing significance (±1: p > 0.05, ±2: p < 0.05, ±3: p < 0.01).
In contrast, the change in precipitation mainly caused the negative response of the growth season length in each subregion. Basically, all negative correlations occur in the Yellow River basin. Even positively correlated, the impact is not quite significant. Moreover, the influence of precipitation on the length of the growing season is obviously less than that of temperature, and the correlation is not significant in almost all subregions. Only Henan had a significant correlation among all the subregions (slope = −0.067, R = 0.232, p < 0.05).
The change in population leads to a positive change in the length of the growing season in most areas. The region most affected by the length of the growing season was Guangxi (slope = 24.826, R2 = 0.167, p < 0.05). Both the degree of change and the population size in this area are small. However, population change has no significant impact on the length of the growth season in Beijing.
In most areas, the increase in GDP led to a decline in the length of the growing season. At the same time, the most significant impact of the change in GDP is in Chongqing (slope = 1.434, R2 = 0.612, p < 0.01). In addition, although the correlation between the GDP of Henan and the length of the growing season was not significant (Slope = −0.291, R2 = 0.206, p = 0.059), it showed the best negative correlation.
The changes in population and GDP have had an un-ignorable impact on plant phenology in cities, and, in some areas, this effect has been even more significant than climate factors. Moreover, the impact of population is often higher than that of GDP. However, in terms of correlation, GDP is more correlated with the length of the growing season. At the same time, we also found that the linear analysis of population and GDP has a positive intercept on the X-axis. This indicates that the length of the growing season will not change under the GDP change of the quantity represented by these intercepts.
3.4.2 The Effect of the Preseason Climate on Germination and Wilting
To better our understanding of the effects of climate factors on plant phenology, we conducted a correlation analysis of preseason climate factors with germination and wilting (Figure 7; Supplementary Table S4). The effects of preseason climatic factors on their phenological changes were different at each site. Temperature had a negative effect on germination in most regions, and their linearly correlated fitting lines intersected the coordinate axes at the positive half axis, i.e., germination was delayed when the temperature did not change. This shows that the preseason temperature rise leads to earlier germination. In the three northeastern sites, they presented a negative correlation. In addition, there are many different sites where, even though the preseason temperature effect is not strong, the average temperature has a high correlation (e.g., Guizhou, Shanxi, Chongqing). However, preseason precipitation and germination were mainly positive. This shows that the preseason precipitation decrease leads to earlier germination. In terms of correlation and impact strength, the preseason precipitation effect is similar to the preseason temperature (e.g., Liaoning, Chongqing, etc.).
[image: Figure 7]FIGURE 7 | The effect of the preseason climate on the germination stage and the wilting stage. Orange is negative, and green is positive. (A) The spatial distribution of correlation between preseason temperature and germination stage. (B) The spatial distribution of correlation between preseason precipitation and germination stage. (C) The spatial distribution of correlation between preseason temperature and the wilting stage, and (D) the spatial distribution of correlation between preseason precipitation and wilting stage. The light gray areas in the figures represent the areas with no data. The blue area represents the declining trend, while the red area represents the increasing trend, and the color from light to dark indicates the increasing of significance (±1: p > 0.05, ±2: p < 0.05, ±3: p < 0.01).
For the wilting stage, the relationship between preseason climate factors and wilting was not as stark as that of germination. Among all of the subregions, Guizhou was the most affected by preseason temperature during the wilting stage. The most significant effect of precipitation on wilting was observed in Hunan. The effects of preseason climate factors on germination were more significant than those on wilting. At the same time, preseason temperature is more significant than preseason rainfall in most areas.
3.4.3 The Effect of the Ratio of Tertiary Industry on the length of the Growing Season
Since we found a high correlation between the length of the growing season and GDP in some subregions, we further analyzed the influence of industrial structure on phenology by analyzing the ratio of tertiary industry to GDP in each subregion and the correlation analyses between it and the length of the growing season (Figure 8; Supplementary Tables S5 and S6). We found a significant relationship between the tertiary sector ratio and the length of the growing season. However, the tertiary ratio has different effects on the length of the growing season in different regions. The tertiary ratio has a strong positive influence on the growing season in southern cities with late development, such as Chongqing, Zhejiang, and Guizhou (slope = 137.20, 149.22, 129.28, R2 = 0.207, 0.201, 0.338, p = 0.159, 0.082, 0.047). Most of the other subregions showed a negative correlation, among which Hunan and Henan were the most significant (slope = −60.68, −69.96, R2 = 0.221, 0.375, p = 0.105, 0.015).
[image: Figure 8]FIGURE 8 | The effect of the ratio of tertiary industry to industry on the length of the growing season. The light gray areas in the figures represent the areas with no data. The blue area represents the declining trend, while the red area represents the increasing trend, and the color from light to dark indicates the increasing of significance (±1: p > 0.05, ±2: p < 0.05, ±3: p < 0.01).
3.4.4 Main Influencing Factors of Sub-Regional Phenological Changes
Through our observation and analysis of the data, we found that even in the vicinity of an urban area, the results of most sites in the north still showed the obvious influence of temperature and precipitation on the phenological period of plants. The spatial distribution of the main factors affecting plant phenology in different regions was found through the calculation of the importance proportion of each factor affecting plant phenology (Figure 9). We found that the most important factor affecting plant phenology was temperature in Beijing, Shandong, Shaanxi, and Zhejiang, and the main impact factor was precipitation in Heilongjiang, Henan, and Sichuan. Although these major factors are not the only factors that affect the length of the growing season, for example, in Heilongjiang, temperature and GDP also have a non-negligible influence on the length of the growing season. Changes in population and GDP also have a significant impact in some subregions, and it is even more important than climate in some regions. In addition, the effect of population on the length of the plant-growing season tends to be more strongly related to GDP in more subregions. The main influencing factor is the population change in Guangxi and Guizhou. The main influencing factor is the change in GDP in Chongqing. The main influencing factors are the tertiary ratio in Hunan and Liaoning. No significant influencing factors were found in Jiangsu.
[image: Figure 9]FIGURE 9 | Spatial distribution of the main factors affecting the phenology of urban plants in the region. Different colors in the left figure indicate the main influencing factors of urban plant phenology in this subregion. The numbers in the figure on the right correspond to the subregions in the figure on the left, and each number corresponds to the pie chart to represent the contribution of each influencing factor affecting urban plant phenology in this region.
4 DISCUSSION
4.1 Differential Effects of Climate Change on Urban Plant Phenology
Climate change has widely affected urban plant phenology (Ren et al., 2018; Wohlfahrt et al., 2019). We found a significant correlation between plant phenology and warming, consistent with other studies, which indicated that higher temperatures lengthen growing seasons (Menzel, 2003; Badeck et al., 2004; Cleland et al., 2007). However, germination has been suggested to be more sensitive to daytime warming than nighttime warming, both at the species and ecosystem levels (Piao et al., 2015; Rossi and Isabel, 2017). Due to the acceleration of nighttime warming over the past few decades (Davy et al., 2017), any method of reflecting this asymmetric warming may lead to an underestimation of the temperature sensitivity at the start of the growing season.
Compared with non-populated western China (Chen et al., 2011; Shen et al., 2011), our study found that precipitation has no significant influence on plant phenology, unlike temperature, in eastern China (Figure 6B). In addition, our results suggested that the influence of precipitation in the north was more significant than in the south, with regional differences. The differences are probably affected by water status (Jaworski and Hilszczański, 2013). In the regions with abundant groundwater, the dependence on precipitation was weak, leading to a weak significant correlation (Ballestrini et al., 2010).
Studies have shown that some species are resilient to climate change, but different species respond at different rates (Burns et al., 2003; Visser et al., 2004; Visser and Both, 2005), reflected in our results by the fact that plant phenology is affected by the different climates and vegetation in the sub-regions. Temperature has a great influence on the length of the plant-growing season in Guizhou, especially the preseason temperature, with a significant correlation (germination and wilting). This may be caused by the special geographical location and climate conditions of Guizhou. Temperature there was lower at high altitudes (with an average altitude of 1,100 m); thus, its plant phenology was more sensitive to temperature fluctuations (Ke et al., 2016). In Zhejiang, Guangxi, and Sichuan, the negative correlation between temperature and growing season length of local plants suggested that the earlier start and end of the growing season caused by climate warming cannot compensate for each other. The germination stage of plants may not be temperature-restricted in these regions (Meng, 1988). The variation in growing season length in Beijing is significantly correlated with temperature but not significantly correlated with precipitation, and the reason for this may be that the large population of Beijing and economic development caused more heat (Zhou and Zhang, 2003; Li et al., 2005). Now that plant phenology in subregions such as Beijing is mainly affected by local climate change, including the urban heat island effect, and light effect (Jochner and Menzel, 2015; Li F. et al., 2017), more data support is needed to separate these human activities from climate change.
4.2 Differential Effects of Management and Policy on Urban Plant Phenology
Urbanization affects plant phenology in different ecosystems (Roetzer et al., 2000; Zhou and Zhang, 2003; Li et al., 2005). Similar to other regions of the world, this phenomenon has occurred in China; for example, satellite data showed that urbanization in the Yangtze River Delta region also lengthens the growing season (Han et al., 2008). On the one hand, phenology is affected by the urban heat island effect (Zhang et al., 2004; Jochner and Menzel, 2015). On the other hand, our results showed that the changed population had a greater impact on urban plant phenology than GDP, which indirectly reflected the effect of heat increase caused by population change, consistent with previous studies (Li X. et al., 2017).
We found that plant phenology is more influenced by climate than human activity in some urbanized areas (Figure 9). The effects of urbanization on phenology vary with vegetation types (Li X. et al., 2017; Ren et al., 2018), but these regional differences are not just due to differences in the types of vegetation. Combined with our results and some results from other researchers (Yan-Ming et al., 2004; Jochner and Menzel, 2015; Gunawardena et al., 2017), the human management of urban plants has a critical impact on urban plant phenology. The industrial development of the emerging urban agglomeration was late, with a scientific economic structure, and the change in the proportion of the tertiary industry had a great impact on the length of growing season. This suggests that these cities may have invested more in urban plant management, which counteracted the effects of climate change on urban plant phenology (Supplementary Figure S4).
The rapid growth of the region despite a small population base gave rise to the lengthening of the growing season being most affected by population changes in Guangxi (Figure 9). With the approval of the central government, Guangxi urgently built and/or rebuilt 33 frontier highways in 1979, which greatly influenced local plant phenology (Wei, 1998). The subregion with the most significant impact of GDP change is Chongqing. Due to its unique location and strategic position, although this region is located in western inland China, the GDP increased significantly, which had a key important impact on the lengthened growing season of urban plants (Chen et al., 2007). In the context of global warming, management and policies (e.g., urban greening) should pay more attention to maintaining the stability of urban plant phenology.
4.3 Uncertainty and Error Analysis
Although we tried our best to select plant data from the same species for analyses, our data cannot fully represent the whole region due to the differences in vegetation types in large-scale cross-regional studies. Second, this study obtained data through field observations, and the sample size of selected sites and samples was smaller than that of other methods, such as remote sensing.
In addition, since the statistical data of the urban population and GDP cannot be obtained, the inter-annual changes in population and GDP per unit area of the sample point on the provincial scale were used to measure the changes in population and GDP. Such data are used to analyze their impact on plant phenology, which probably underestimates their impact on plant phenology due to the higher population and GDP in cities than in the countryside. In addition, the establishment of measurement standards for human factors is also of great research value, such as the establishment of urbanization index and land-use type change index, all of which need further research and exploration.
5 CONCLUSION
In 1963–1988, temperature change had a positive impact on the growth season length change of most cities in the study, or the higher the temperature was, the longer was the growth season. In contrast, precipitation change mainly leads to a negative impact on the growth season length. At most sites, a preseason temperature rise leads to earlier germination, and reduced preseason precipitation leads to earlier wilting. Moreover, the influence of preseason climate factors on plant phenology was more significant than the average influence of climate factors. Population change leads to a positive change in growth season length in most regions, and GDP growth has shortened the growing season. At the same time, the tertiary industry ratio in southern cities had a marked influence on the length of the growing season, while the heavy industry cities in northeast China had the opposite effect. In the rapid urbanization period in China, urban plant phenology is influenced not only by climate change but also by anthropogenic factors through further heat effects and more management of urban plants.
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