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Abstract

:

Worldwide urbanization leads to ecological changes around urban areas. However, few studies have quantitatively investigated the impacts of urbanization on vegetation coverage so far. As an important indicator measuring regional environment change, fractional vegetation cover (FVC) is widely used to analyze changes in vegetation in urban areas. In this study, on the basis of a partial derivative model, we quantified the effect of temperature, precipitation, radiation, and urbanization represented as nighttime light on vegetation coverage changes in the Beijing–Tianjin–Hebei (BTH) region during its period of rapid resident population growth from 2001 to 2011. The results showed that (1) the FVC of the BTH region varied from 0.20 to 0.26, with significant spatial heterogeneity. The FVC increased in small cities such as Cangzhou and in the Taihang Mountains, while it decreased in megacities with populations greater than 1 million, such as Beijing and Zhangjiakou Bashang. (2) The BTH region experienced rapid urbanization, with the area of artificial surface increasing by 18.42%. From the urban core area to the fringe area, the urbanization intensity decreased, but the urbanization rate increased. (3) Urbanization and precipitation had the greatest effect on FVC changes. Urbanization dominated the FVC changes in the expanded area, while precipitation had the greatest impacts on the FVC changes in the core area. For future studies on the major influencing factors of FVC changes, quantitative analysis of the contribution of urbanization to FVC changes in urban regions is crucial and will provide scientific perspectives for sustainable urban planning.
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1. Introduction


Urbanization, as an important indicator of socioeconomic development, is a general phenomenon of globalization and leads to various changes in the ecological environment [1,2,3,4,5,6,7]. Urbanization is characterized primarily by a drastic demographic move from rural to urban areas and physical urban area expansion [8]. Urbanization has grown rapidly in recent years. In 1900, only 10% of the world’s population were urban residents. In 2008, the proportion of urban residents was over 50%, and this value will increase even more in the next 50 years [9,10]. Urbanization promotes socioeconomic development and attracts more people to move to cities, which leads to increased human activities and land cover change [11]. Urbanization offers opportunities and challenges for the sustainable transition to a long-term balance between the needs of human survival and the environmental loads. Rapid urbanization leads to socioeconomic development but also causes a series of urban ecological environmental problems, such as urban heat islands, land cover changes, vegetation coverage changes, and increases in urban patch diversity [12,13,14,15]. Therefore, the impact of natural factors and human activities on the urban ecological environment during the process of urbanization is of great significance.



In the terrestrial ecosystem affected by urbanization, vegetation is an important part that can timely reflect the impact of urbanization [16]; therefore, it is important to study the changes in vegetation during urban expansion [17]. However, few studies have quantitatively investigated the impacts of urbanization on vegetation coverage. The existing research findings concern fractional vegetation cover (FVC) changes in regions with land cover change; however, few studies have been conducted on the effects of different urbanization intensities and rates on FVC [18,19]. In the process of urbanization, vegetation is mainly affected by two types of factors: climate factors (e.g., temperature, precipitation, and radiation) [20,21,22,23,24], which offer the necessary conditions for vegetation growth, and disturbance caused by human activities, especially land cover change [25,26,27,28,29,30]. To study the effect of urbanization on vegetation coverage, it is necessary to separate the interaction effect of urbanization and climate on vegetation coverage during the process of urban expansion.



The Beijing–Tianjin–Hebei (BTH) metropolitan region is the most significant area of urbanization in China [31,32], and the region experienced its fastest population growth from 2000 to 2010 [33]. Its urban expansion and population growth led to an increasing demand for resources and energy. The impact of urbanization on the ecological environment has also become a hot topic in the BTH region. For example, Li et al. showed that the built-up area of the BTH region had expanded and the vegetation coverage decreased, which led to the reduction of water yield [34]. Hou et al. verified that the vegetation coverage in the BTH region was high, but an obvious degrading trend and a significant seasonal difference were found; also, the rate of degradation was 6.71% [35].



The abovementioned studies have the following shortcomings: (1) They mainly consider the impact of climate change on vegetation but do not consider the impact of human activities, such as urbanization, when studying the major impact factors of changes in vegetation coverage. (2) Currently, many studies use land cover data to represent urbanization. However, this method is limited by data accuracy and time seriality and cannot quantify the urban expansion area exactly. Existing land cover data, such as the MODIS land-cover-type product, usually can only map urban areas but cannot show the intensity of urbanization through processing. (3) Urban areas are not divided into different urbanization intensities, so it is impossible to judge the leading factors of FVC changes in areas with different urbanization intensities.



This study quantitatively calculated the contribution of climate change and urbanization to FVC changes in the BTH region and distinguished the primary factors of FVC spatiotemporal change during the rapid population growth from 2001 to 2011. The spatiotemporal variations of vegetation coverage in the BTH region were analyzed on the basis of the Global LAnd Surface Satellite (GLASS) FVC data. The value of the nighttime light (NTL) data collected from the Defense Meteorological Program Operational Linescan System (DMSP/OLS) was used to represent the intensity of urbanization [36,37]. Combined with the data from the BTH meteorological stations, the contribution of urbanization and climate change to FVC changes was calculated using a partial derivative model, and the main influencing factors of FVC changes were determined [38]. The purpose of this study was to analyze the contribution of urbanization and climate to vegetation coverage and to provide scientific perspectives for urban sustainable development.




2. Study Area and Data


2.1. Study Area


The BTH region, also known as the Jing-Jin-Ji region, is a metropolitan city agglomeration with a total area of up to 217,158 km²; it includes Beijing, Tianjin, and 11 prefecture-level cities in Hebei Province. The BTH region is the largest and most dynamic region in the north of China adjacent to the Bohai Sea (Figure 1). The meteorological condition of the BTH region is characterized by a typical temperate monsoon climate with rainy summers and dry winters. The city agglomeration has experienced rapid population growth in the past decade [33]. As one of the largest urban agglomerations in China’s eastern coastal region, the BTH region has very dynamic economic activities. It has become a hot spot for studies on urbanization in China due to its rapid population growth and urban expansion [39,40]. In order to better demonstrate the impact of urbanization on vegetation cover, six megacities with populations greater than 1 million (based on the records of the 2012 China City Statistical Yearbook [41]) were chosen as our target cities, namely, Beijing (BJ), Tianjin (TJ), Shijiazhuang (SJZ), Handan (HD), Tangshan (TS), and Baoding (BD) (Figure 1). The remaining seven smaller cities, namely, Zhangjiakou (ZJK), Xingtai (XT), Hengshui (HS), Cangzhou (CZ), Langfang (LF), Chengde (CD), and Qinghuangdao (QHD), were used as a comparison group for the larger cities.




2.2. Data


2.2.1. GLASS FVC Data


The FVC data used in this study were obtained from the GLASS products offered by Beijing Normal University [42]. The MODIS reflectance data reprocessing method developed by Tang et al. [43] was used to produce reliable reflectance data before GLASS FVC generation. The method first used MODIS snow and cloud mask data and other supplementary information to identify the data polluted by fallout clouds undetected in the MODIS reflectance data. Then, a temporospatial filtering method was used to remove the contaminated data, and an optimum interpolation algorithm was used to fill the missing data and obtain the final surface reflectance values for earth surface parameter estimation [43]. The machine learning method was used to train the relation model from the pretreated reflectivity to the FVC value. The FVC products produced by this model were in the standard format of the Hierarchical Data Format derived by the Earth Observing System (HDF-EOS), with a sinusoidal projection and global coverage. The temporal resolution was 8 days, and the spatial resolution was 500 m. The FVC product was validated by the time series of field FVC measurements in an agricultural region in the Heihe Basin of Northwest China, and the result showed that the GLASS FVC had high accuracy, with an R2 = 0.86 and a root-mean-square error (RMSE) = 0.087 [44]. These data can be used to evaluate the spatiotemporal distribution and change trend of surface vegetation cover. GLASS FVC data ensure time seriality and complete global coverage, which is suitable for studying changes in regional vegetation coverage. In this study, GLASS FVC data for every 8 days from 2001 to 2011 were synthesized on an annual scale. Then, the annual data were used to calculate the average vegetation coverage to characterize the vegetation state of the BTH region.




2.2.2. Nighttime Light Data


NTL data are the light data collected by the DMSP/OLS [45]. The NTL data used in this study were the Version 4 DMSP/OLS NTL product [46], with a spatial resolution of 1 km from 2000 to 2011, in which the data in 2000 and 2010 were used to extract the core, expanded, and fringe area boundaries of the city. The trend in the NTL data from 2001 to 2011 represents the urbanization rate. Because the NTL data offered by DMSP/OLS can measure the light signals of the earth’s surface, such as that from human settlements, gas torches, flames, and lights of ships, these data have been used to characterize urbanization in many studies [47,48]. With a long history that can be traced back to 1972, DMSP/OLS provides valuable data for monitoring the expansion of urbanization on a global scale based on the same onboard design and continuous space platform of its sensors [49,50,51,52]. To ensure that every part of our study area has human activities, we excluded pixels without light (Digital Number (DN) = 0). In addition, an invariant target area detection method [53] was used for image correction to ensure that the data were useful. Using this method, we obtained a nighttime light data time series with comparable DN values, which was used to represent urbanization. Because the units between urbanization and climate data are not uniform and the data range is wide, we normalized the NTL data.




2.2.3. Meteorological Data


The meteorological data used in this study were the monthly surface temperature, precipitation, and radiation data from 23 meteorological stations in the BTH region. We selected the decade period from 2001 to 2011. The data were offered by China’s meteorological data sharing network (accessed at http://data.cma.cn/data/detail/dataCode/A.0029.0004.html). In this study, the simple kriging interpolation method [54] was used to interpolate the data to a spatial resolution of 1 km, and then the annual data were calculated from the monthly data. The data have undergone quality control procedures to eliminate erroneous and homogenous assessment [55]. Further, we normalized the meteorological data in order to unify the data range.




2.2.4. GlobeLand30 Land Cover Data


GlobeLand30 covers global surfaces and has a resolution of 30 m. The product was generated by an operational mapping method on the basis of a pixel-object-knowledge (POK) approach [56]. The classification system of the product included 10 land cover types in 2000 and 2010 [57]. The classification product was determined based on Landsat TM, ETM+, and HJ-1 data. The overall classification accuracy was over 80% [58]. GlobeLand30 land cover data were used to calculate the FVC of different land cover types and the transition of land use in the past decade in the BTH region.






3. Methods


3.1. Z-Score Model Normalization


In our study, the GLASS FVC data, nighttime light data, and meteorological data had different data ranges and units. In order to unify the data ranges and make the data comparable, a Z-score model was used to standardize these data [59]:


   Z V  =   x − μ  σ   



(1)




where ZV indicates the FVC value after normalization, x represents the FVC data that needed to be normalized, μ indicates the mean FVC, and σ denotes the standard deviation of FVC. The normalization of the nighttime light and meteorological data was the same as that used to normalize the FVC.




3.2. Mapping Urban Area


In this study, DMSP/OLS data in 2000 and 2010 were used to extract the built-up areas of the cities using the cluster-based method used by Zhou et al. [60]. The optimal threshold was derived from the following formula [60]:


  N T  L  t h l d   =  1  1 +  e  − α  (  γ −  γ  m e a n    )       (  N T  L  m a x   − N T  L  m i n    )  + N T  L  m i n    



(2)




where NTLthld is the optimal threshold to delineate the urban area in the potential cluster, NTLmin and NTLmax are minimum and maximum NTL DN in the study area, respectively, α is the coefficient for the logistic model, and γ indicates the lighting magnitude within a certain cluster size.



When the urban areas mapped by a certain threshold were consistent with the urban areas mapped by the classified data, this threshold was considered to be the optimal threshold. α was derived by the optimal threshold, and the coefficient α was 0.22 in China. Then, the optimal threshold was derived by Formula (2). Those areas with values larger than the optimal threshold were defined as urban built-up areas, while the others were defined as nonurban areas [60]. The core area was mapped by DMSP/OLS in 2000, and it was defined as the central zone of the city. The expanded area indicated the area where the fringe area in 2000 changed into the core area in 2010. The fringe area was characterized by the buffer zone, the area of which was equal to the urban area mapped in 2010. The core, expanded, and fringe areas also denoted the initial, middle, and final stage of urban expansion, respectively.




3.3. Interannual Variability


A linear regression model was used to calculate the interannual variability by minimizing the sum-of-squares errors. Taking the FVC time series data as an example, the interannual variability was the slope of the fit line after the least-squares regression of the pixel’s multiyear value. The formula for calculating the slope is as follows [38]:


   K V  =   n ×   ∑   i = 1  n  i ×  V i  −   ∑   i = 1  n  i   ∑   i = 1  n   V i    n ×   ∑   i = 1  n   i 2  −    (    ∑   i = 1  n  i  )   2     



(3)




where    K V    indicates the interannual variability of FVC, n denotes the total number of years, i represents the ith year, and    V i    represents the FVC value in the ith year. A positive variability represents an increasing trend in the FVC, while a negative variability represents a decrease in the FVC.



The F test was used to test the significance of FVC variability, and the calculation formula is as follows:


      F = U ×    (  n − 2  )   Q       



(4)




where   Q =   ∑   i = 1  n     (   y i  −    y i   ^   )   2    represents the sum-of-squares error,   U =   ∑   i = 1  n     (     y i   ^  −    y i   ¯   )   2    indicates the regression square sum,    y i    represents the FVC value in the ith year,      y i   ^    represents the FVC regression value in the ith year,      y i   ¯    represents the mean FVC across all years, and n represents the total number of years. The calculation of the urbanization and climate factor interannual variation rate was the same as that used to calculate the FVC.




3.4. Attribution Analysis


Urbanization and climate factors are the primary factors affecting FVC changes [35], and the influence of each factor corresponding to each pixel on the interannual FVC variation of the pixel can be expressed by the following formula [38]:


       K V  = C  ( U )  + C  ( T )  + C  ( P )  + C  ( R )  + C  ( O )       



(5)




where    K V    indicates the interannual variability of the FVC, and C(U), C(T), C(P), C(R), and C(O) denote the contributions of urbanization, temperature, precipitation, radiation, and other factors to the annual variation of the FVC, respectively. The contribution of urbanization to the annual variation of the FVC was calculated by the following formula:


      C  ( U )    =     ∂ F V C   ∂ U   ×  K U       



(6)




where    K U    represents the interannual variability of urbanization, and     ∂ F V C   ∂ U     indicates the sensitivity of FVC to urbanization. This sensitivity term was derived as a partial derivative via the multiple regression of FVC on climate factors and NTL. Positive and negative sensitivity values represent the correlation between urbanization and FVC, specifically. The value of sensitivity represents the degree of correlation, and larger values indicate stronger correlations between urbanization and FVC changes. In contrast, smaller values indicate weaker correlations. The calculation of other factors contributing to FVC changes was the same. The partial derivative considers the interaction of multiple factors, which can comprehensively consider the joint effects of multiple factors on FVC change and evaluates the joint effects of multiple influencing factors on FVC.



To make the contributions of different factors to FVC changes comparable, the contributions of each factor were absolutized, so as to obtain the comparable and cumulative contributions of each factor, and the calculation formula is as follows:


  P  ( U )    =     | C ( U ) |   | C ( U ) | + | C ( T ) | + | C ( P ) | + | C ( R ) | + | C ( O ) |   × 100 %  



(7)






      P  ( O )  = 100 % − P  ( U )  − P  ( T )  − P  ( P )  − P  ( R )       



(8)




where P(U), P(T), P(P), P(R), and P(O) indicate the contributions of urbanization, temperature, precipitation, radiation, and other factors, respectively, and the same is true for the calculation of the contribution of other factors to the annual variation of the FVC.





4. Results


4.1. The Distribution of FVC in the BTH Region


The spatial distribution of FVC in the BTH region from 2001 to 2011 is shown in Figure 2a. The Taihang Mountains had the highest vegetation coverage, which ranged from 0.4 to 0.5. Beijing, Tianjin, Tangshan, Baoding, Handan, and Shijiazhuang had the lowest vegetation coverage values, which ranged from 0 to 0.1. The FVC values of the other areas were between the FVC values of six cities and mountains. The distribution rules of the FVC in the six large cities were similar, increasing from the core area to the expanded area. The FVC values in the core areas were all below 0.1, while the values were between 0.1 and 0.2 in the expanded area. The vegetation coverage in the fringe area was the highest (Figure 2d). The FVC in 13 cities declined in stages except in Tianjin (Figure 2c), but the drop in the second phase was larger than in the first. The FVC in all cities showed a downward trend from 2001 to 2011.



The land cover in the BTH region was mainly cultivated land, while the Taihang Mountains were mainly covered by forest and shrubland. The North China Plain in the southeast of the Taihang Mountains was mostly artificial surface, cultivated land, and water bodies. The land cover in Zhangjiakou was mainly cultivated land and grassland. According to the statistics of the average FVC of all land cover types (Figure 2b), the average FVC of cultivated land, forest, grassland, water bodies, artificial surface, and bareland were 0.20, 0.30, 0.21, 0.13, 0.12, and 0.13, respectively, among which the type with the lowest FVC was artificial surface. The annual mean of FVC was generally less than the mean of the growing season, and the average FVC values of forest and grassland in the growing season were 0.35 and 0.34, respectively.



According to the spatial variation figure of FVC (Figure 3a), 66.12% of the regional FVC increased and 33.88% decreased from 2001 to 2011. The increased areas were mainly natural areas with fewer human activities, which were mainly distributed in CZ, HS, and the Taihang Mountains. The reduced areas were mainly distributed in the surrounding areas of Beijing, Tianjin, Shijiazhuang, Tangshan, Baoding, and the Zhangjiakou Bashang. Due to strong human disturbances, such as overgrazing and over-reclamation, the FVC in Zhangjiakou Bashang had decreased, and desertification was becoming increasingly serious. In addition, the FVC in the core areas of Beijing showed an upward trend from 2001 to 2011, which was completely opposite to the obvious downward trend in the core areas of other cities.



According to the temporal variation of the FVC (Figure 3b), the average FVC from 2001 to 2011 in the BTH region was stable, with a small range from 20.87% to 25.83%. The years with high FVC values were 2004 and 2008, and the years with low FVC values were 2006 and 2010.



The FVC values of the six large cities were decreasing (Figure 3c), but the rate of FVC decrease varied across the different cities. In Handan, the rate of FVC reduction was the highest, at 0.54%. In contrast, the rate of FVC loss in Beijing was the smallest among the six cities, with a value of 0.041%. The six major cities ranked from highest to lowest FVC reduction are as follows: Handan, Tangshan, Shijiazhuang, Baoding, Tianjin, and Beijing, which was related to the urbanization intensity and mode. Areas with significant FVC increases were mainly located in small cities such as HS and CZ.




4.2. Urban Expansion Model


Figure 4 shows the changes of the urban area from 2001 to 2011, which reflect the rapid urban expansion of the BTH region over the past decade. Figure 5 shows the urbanization intensity and rate in the BTH region from 2001 to 2011. The six large cities had the maximum urbanization intensity, and Beijing and Tianjin were the most obvious. Although the core area of each of the six cities had the highest urbanization intensity, from 2001 to 2011, the urban core areas had the slowest growth rate of urbanization intensity, and the expanded areas had the fastest urbanization intensity growth rates, while the fringe areas had moderate values between the others. Compared with the expanded areas of other cities, the urbanization intensity growth rates in the expanded areas of Beijing and Tianjin were higher. The rate of urbanization intensity growth in the BTH region increased from 2001 to 2011.



From the changes in land cover types in the BTH region (Figure 1), it can also be seen that, from 2001 to 2011, the proportion of cultivated land and water decreased by 1.74% and 0.09%, respectively, among which the proportion of cultivated land decreased the most. The proportions of forests, grasslands, shrublands, wetlands, artificial land, and bareland all increased from 2000 to 2010, and there were 1.27% increases in artificial land. From the transfer matrix of land use types from 2000 to 2010 (Table 1), it can be seen that much cultivated land was converted into artificial surface in the BTH region (14.56%). The percentages of forests, grasslands, wetlands, and water bodies converted to artificial surfaces were 5.62%, 27.72%, 2.04%, and 9.32%, respectively. In areas with strong human activities, a variety of land cover types were transformed into artificial surfaces, and the expansion of artificial surfaces was obvious. The urbanization process will inevitably lead to changes in the underlying surface, which will change the vegetation cover.




4.3. Contribution of Urbanization to FVC Variation


In the BTH region, urbanization and precipitation had the highest contributions to the FVC changes, accounting for 36.12% and 25.61%, respectively, and there were significant differences in different urban areas (Figure 6f). The contributions of temperature and radiation to the FVC changes were small (10.78% and 10.19%, respectively).



According to the contribution of each factor to the FVC changes in the BTH region (Figure 6), there was little difference in the contribution of precipitation and urbanization to FVC changes, but there was still a significant difference in the spatial distribution. In terms of the spatial distribution, climate factors mainly affected the core areas of the six large cities. In urban areas, the contribution of each factor was different. In the Beijing core area, climate factors dominated the FVC changes; in the core areas of the other five cities, the influence of other factors not considered in this paper was dominant, and the contribution of urbanization in the core area was small. In urban expanded areas and fringe areas, urbanization played a leading role in FVC changes.



The contributions of temperature, precipitation, radiation, urbanization, and other factors to FVC in different areas of each city were calculated (Figure 7). Precipitation was the leading factor of FVC changes in the core area of Beijing, accounting for 48.63%. The main influencing factors of FVC changes in the core areas of the six cities other than Beijing were the other factors (e.g., artificial planting and irrigation systems) not considered in this study, which had values between 33.91% and 59.36%. The contribution of urbanization in the core areas of the six cities was small, ranging from 3.63% to 14.69%. In urban extension areas, urbanization played a leading role in FVC changes, reaching 46.36% in Shijiazhuang and 28.6–46.36% in the other cities. The contribution of other factors not considered in this study was larger than that of precipitation except in Beijing. In the fringe areas of the city, the dominant factor was urbanization; the maximum contribution of urbanization was 47.25% in Tangshan, and the values ranged from 32.3% to 47.25% in the other cities. In Beijing, Tangshan, and Handan, the contribution of precipitation was greater than that of the other factors. The effect of urbanization in the core area of small cities on FVC was greater than that in big cities. Through the variance analysis of the impact of urbanization on FVC in big and small cities, we found that the difference was significant (F crit = 4.8, F = 5.2, p = 0.04).





5. Discussion


This study analyzed the spatiotemporal dynamics of FVC in the BTH region from 2001 to 2011 using a partial derivative model and quantitatively analyzed the contributions of human activities and climate factors to FVC changes. The FVC in the BTH region was higher in the north. The areas with high FVC values were in the Taihang Mountains and small cities, such as HS and CZ, while the areas with low FVC values were mainly in the surrounding areas of the core areas of the six large cities and the Zhangjiakou Bashang area. This result is consistent with the FVC distribution of the BTH region studied in the past [61]. The area with a significantly increased FVC was in the natural area with fewer human activities, and these areas were concentrated in the Taihang Mountains and in small cities such as HS. Urbanization induces urban heat islands, thus leading to an increase in FVC [62]. The increase in the FVC in this region was related to the implementation of the sandstorm source control project, the policy of returning farmland to forest, and the closing of mountains for forest cultivation [40,63,64]. The area where the FVC decreased was mainly distributed in the six cities and surrounding areas. The cultivated land and grassland in these areas were converted to artificial surfaces during rapid urbanization. In addition, due to the influence of human activities, such as overgrazing and over-reclamation, the ecosystem in the Zhangjiakou Bashang area was seriously damaged, leading to a significant decline in the FVC and increasingly serious desertification. The result of this study is consistent with previous research results. For example, Wang et al. (2017) [65] proved that vegetation coverage tended to increase from 2000 to 2010. However, there was obvious spatial heterogeneity. The FVC decreased in large cities such as Beijing and Tianjin, while it increased in small cities such as Hengshui and Cangzhou. In this study, we found that there were different FVC variations in different cities. For example, in the six cities we studied, the city with the largest decrease in FVC was Handan, followed by Tangshan, Shijiazhuang, Baoding, Tianjin, and Beijing. We think that this result is related to the urbanization intensity and rate. Sun et al. (2018) [32] had proved that the urban expansion rates of cities were inversely related to city size in general from 1978 to 2015, with an exception only from 2005 to 2010. Beijing and Tianjin have a higher urbanization intensity and slower urban expansion rates, which lead to better planning of vegetation coverage and less human damage.



Based on the results of the quantitative research in this study, we believe that, in the core areas of cities, climate is the main factor leading to the changes in FVC, among which precipitation contributes most to the changes in FVC. In the urban core area, there are strong human activities, high urbanization intensity, and low FVC. The increase in urbanization has little impact on FVC changes, and climate factors contribute more to changes in vegetation coverage. Among climate factors, precipitation contributes the most. Yan et al. [66] mentioned that their quantitative analysis results based on geographical detectors showed that precipitation was the leading factor of the normalized difference vegetation index (NDVI) spatial distribution on the annual scale in the BTH region, explaining 39.4% of the vegetation changes, and the interaction between land use and precipitation had the most obvious influence on the NDVI, explaining 58.2% of the vegetation changes, which is consistent with the leading influence factor of the FVC in this study. Meng et al. [67] used partial and multiple correlation methods to research the BTH region’s NDVI variation characteristics and driving forces, and the results showed that the influence of precipitation on vegetation was greater than that of temperature. This result is consistent with our results, which showed that the leading climate factor is precipitation, and the changes in FVC are mainly driven by nonclimate factors, similar to the conclusion of our study. In urban expanded and fringe areas, urbanization is the main factor causing the changes in FVC. Urban expansion has led to a reduction of FVC in urban expanded and fringe areas, chiefly because urbanization has encroached on a large amount of high-quality cultivated land and forest land around the city.



The urban core area has high urbanization intensity, and the vegetation in this area is mainly planted by humans; thus, vegetation is minimally impacted by urbanization due to perfect planning, artificial planting, and irrigation systems, which were represented as other factors. However, the BTH region is located in the North China Plain, where the annual rainfall amount is very low, and yet precipitation is still the dominant factor influencing FVC changes. In this study, the leading factor of FVC changes in the urban core area was found to be precipitation. Therefore, the change trend of FVC and precipitation was analyzed in this study (Figure 8a). The analysis results showed that the FVC in the core area had a good positive correlation with precipitation, which explained why precipitation was the leading factor in the core area. In urban expanded areas, urbanization was the leading factor of FVC changes. Therefore, this study analyzed FVC change trends and urbanization change trends in the expanded areas (Figure 8b). The results showed that there was a negative correlation between FVC changes and urbanization.



So far, there have been several studies on the influence of climate change on FVC. In our study, the contributions of multiple factors to FVC were quantitatively calculated based on mathematical statistics at the pixel scale. Moreover, urbanization was considered in the influencing factors of FVC changes, and urbanization intensity was quantitatively represented by NTL data, which represented an improvement in this study. However, our study still has shortcomings. (1) Changes in FVC represent a complex process that is affected by many factors (e.g., vegetation species, temperature, precipitation, carbon dioxide, ozone, and nitrogen content) [25,27,29,68,69]. In this study, only climate factors and urbanization were considered. The influence factors not considered were replaced by other factors without specific analysis. (2) This research used NTL data to represent urbanization intensity. However, it has not been verified whether these data can accurately evaluate urban intensity because of their low spatial resolution. Due to the limitation of time length, only the decade of rapid resident growth in the BTH region was considered, and the time series length was small; thus, the influence of data volume on relevant calculation results remains to be evaluated. (3) The method used in this study was a partial derivative regression, and the results cannot be evaluated with uncertainty. Our understanding of the impact of different driving forces on vegetation dynamics is still limited by the available data. The time span of data used in this study is still limited, being only from 2001 to 2011. If longer time series lighting data were obtained, the effects of urbanization with different intensities on vegetation cover could be analyzed more accurately. In future studies, we will consider the factors contained in the other factors not considered in this study and lengthen the study period. At the same time, other attribution models that reduce the interaction of factors will be used. It is necessary to further study how to more effectively quantify the respective impacts of climate and human factors and establish the quantitative effects of different human activities.




6. Conclusions


This study analyzed the temporal and spatial FVC distribution and its change characteristics in the BTH region based on remote sensing data and quantitatively studied the contribution of human activities and climate changes to FVC changes using a partial derivative model. The following main conclusions have been drawn.



(1) The FVC of the BTH region varied from 0.20 to 0.26, but there was a large spatial difference. The areas with increased FVC values were in small cities such as Cangzhou and Hengshui as well as the Taihang Mountains, while the areas with decreased FVC values were mainly in large cities with population sizes greater than 1 million, such as in Beijing, Tianjin, and the surrounding areas, as well as in Zhangjiakou Bashang. (2) The BTH region has experienced rapid urbanization, with the area of artificial surface increasing by 18.42%. At the same time, the urbanization intensity from the urban core area to the fringe area has increased, but the rate of urbanization expansion has decreased. (3) Urbanization and precipitation have the greatest effect on FVC changes. In the expanded area, urbanization dominates the changes in FVC, while in the core area, precipitation is most influential.



In general, we used a mathematical statistics method to quantitatively estimate the contributions of urbanization, temperature, precipitation, and radiation to FVC changes. When studying the spatial and temporal distribution differences in FVC, the intensity and rate of urbanization will help us understand the impact of human activities on FVC changes and provide a data basis for formulating scientific urbanization policies.
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Figure 1. Location and land cover of the research area. (a) The location of the Beijing–Tianjin–Hebei (BTH) region in China, (b) the variation in land cover in the BTH region, and (c) the distribution of land use types. Beijing (BJ), Tianjin (TJ), Shijiazhuang (SJZ), Handan (HD), Tangshan (TS), Baoding (BD) Zhangjiakou (ZJK), Xingtai (XT), Hengshui (HS), Cangzhou (CZ), Langfang (LF), Chengde (CD), and Qinghuangdao (QHD) refer to 13 cities in the BTH region. 
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Figure 2. The fractional vegetation cover (FVC) in the BTH region: (a) average FVC from 2001 to 2011; (b) box plots of FVC values of different land covers; (c) average FVC of six large cities from 2001 to 2003, 2004 to 2008, and 2009 to 2011; and (d) average and standard deviation of FVC in the core, expanded, and fringe areas of six large cities. 
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Figure 3. Spatiotemporal variation of the FVC in the BTH region: (a) spatial variation of the FVC, (b) temporal variation of the FVC, and (c) interannual variation rate of the FVC in 13 cities. Beijing (BJ), Tianjin (TJ), Shijiazhuang (SJZ), Handan (HD), Tangshan (TS), Baoding (BD), Zhangjiakou (ZJK), Xingtai (XT), Hengshui (HS), Cangzhou (CZ), Langfang (LF), Chengde (CD), and Qinghuangdao (QHD) refer to 13 cities in the BTH region. 
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Figure 4. Changes in urban areas from 2001 to 2011. The value represents urbanization intensity. 
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Figure 5. Spatial distribution of urban areas and urbanization rate in the BTH region: (a) and (b) are urbanization areas in 2001 and 2011, and (c) is the urbanization rate from 2001 to 2011. 
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Figure 6. Contribution of each factor to FVC changes: (a–d) are the contributions of temperature, precipitation, radiation, and urbanization, respectively, to FVC changes, (e) shows the contributions of other factors not considered to FVC changes, and (f) is the average contribution of various factors to FVC changes in the BTH region. 
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Figure 7. Regional statistics of the contribution of each factor to FVC changes. T, P, R, and U refer to temperature, precipitation, radiation, and urbanization, respectively, and O represents the other factors not considered in this study. 
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Figure 8. (a) Changes in FVC and precipitation in urban core areas, and (b) changes in FVC and urbanization in urban expanded areas. P and U indicate precipitation and urbanization, respectively. 
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Table 1. Land cover transfer matrix (unit: %).
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2010

	
Cultivated Land

	
Forest

	
Grassland

	
Wetland

	
Water Bodies

	
Artificial Surfaces

	
Bareland




	
2000

	






	
Cultivated Land

	
81.62

	
1.52

	
0.52

	
0.21

	
1.57

	
14.56

	
0.00




	
Forest

	
0.51

	
93.63

	
0.16

	
0.00

	
0.08

	
5.62

	
0.00




	
Grassland

	
10.49

	
1.19

	
56.84

	
0.38

	
3.38

	
27.72

	
0.00




	
Wetland

	
11.22

	
0.00

	
2.72

	
63.73

	
20.29

	
2.04

	
0.00




	
Water Bodies

	
19.98

	
0.60

	
1.69

	
3.80

	
64.61

	
9.32

	
0.00




	
Artificial Surfaces

	
2.81

	
0.16

	
0.20

	
0.26

	
0.66

	
95.91

	
0.00




	
Bareland

	
0.00

	
0.00

	
41.67

	
0.00

	
0.00

	
0.00

	
58.33
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