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Abstract:



Permafrost is extremely sensitive to climate change. The degradation of permafrost has strong and profound effects on vegetation. The permafrost zone of northeastern China is the second largest region of permafrost in China and lies on the south edge of the Eurasian cryolithozone. This study analyzed the spatiotemporal variations of the growing-season Normalization Difference Vegetation Index (NDVI) in the permafrost zone of northeastern China and analyzed the correlation between NDVI and ground surface temperatures (GST) during the years 1981–2014. Mean growing-season NDVI (MGS-NDVI) experienced a marked increase of 0.003 year−1 across the entire permafrost zone. The spatial dynamics of vegetation cover had a high degree of heterogeneity on a per pixel scale. The MGS-NDVI value increased significantly (5% significance level) in 80.57%, and this increase was mostly distributed in permafrost zone except for the western steppe region. Only 7.72% experienced a significant decrease in NDVI, mainly in the cultivated and steppe portions. In addition, MGS-NDVI increased significantly with increasing growing-season mean ground surface temperature (GS-MGST). Our results suggest that a warming of GS-MGST (permafrost degradation) in the permafrost region of northeastern China played a positive role in increasing plant growth and activities. Although increasing ground surface temperature resulted in increased vegetation cover and growth in the short time of permafrost degradation, from the long term point of view, permafrost degradation or disappearance may weaken or even hinder vegetation activities.
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1. Introduction


Permafrost is defined as ground that remains below 0°C for at least two consecutive years [1,2,3], and forms a main component of the cryosphere [4]. The conditions related to ground temperature that allow the existence of permafrost determine the vulnerability of permafrost to climate change [5,6], and this vulnerability is indirectly reflected by changes in aboveground vegetation growing on permafrost [7]. Therefore, changes in the permafrost zone associated with warming temperatures were directly or indirectly correlated to changes in the features of overlying vegetation, such as changes in vegetation cover [8], net primary productivity [9], plant biomass [10], phenology [11], and plant community structure [12,13]. In cold regions, the existence of permafrost has extremely important effects on plant growth. Permafrost forms a relatively impermeable layer that modifies the soil hydrological regime, prevents the infiltration of soil moisture, and provides sufficient water resources for vegetative growth [14,15]. Permafrost also plays a vital role in nutrient cycling [16]. The degradation of permafrost has strong and profound effects on vegetation [17,18]. The permafrost zone of northeastern China, located in middle-high latitude regions of the Northern Hemisphere, forms the second largest region of permafrost in China and lies on the southern edge of the Eurasian cryolithozone [19]. Recent and significant climate warming has obviously caused the degradation of permafrost [20,21,22]. For example, Jin et al. [23] suggested that areas of sporadic islands of permafrost have decreased by 35–37% when conditions in the early 2000s were compared with those of the 1970s. Meanwhile, Wei et al. [19] indicated that the southern edge of the permafrost zone had obviously shifted northward. Plant species richness has been shown to increase with the thawing of permafrost [24,25]. However, the dynamics of vegetation character (i.e., Normalized Difference Vegetation Index (NDVI)) with the degradation of permafrost at each pixel remain unclear in different zones of permafrost distribution.



Degradation of permafrost occurs in many ways, such as through an increase in ground temperature, active layer thickening, and a modification of continuous permafrost into discontinuous permafrost and island permafrost. Because a persistent permafrost profile is lacking (including for example the depth of the active layer), we selected GST (ground surface temperature) as an indicator of the degradation of permafrost [26,27] in this study.



The main purpose of this study was to probe the spatiotemporal variations of NDVI that are associated with the degradation of permafrost in northeastern China from 1981 to 2014 based on satellite and climate data sets. Furthermore, in this study, the primary objectives were to (1) investigate the spatiotemporal variations as described above and (2) examine the correlations between NDVI and GST to discuss the role that the degradation of permafrost plays in vegetation dynamics. The study results enhance the understanding of the effects of permafrost degradation on environmental conditions and add a scientific basis for research related to the response of cold region ecosystems to global climate warming.




2. Materials and Methods


2.1. Study Area


The permafrost region analyzed in the present study, located in the northernmost part of northeastern China, extends from 46°30′N to 53°30′N and from 115°52′E to 135°09′E and covers approximately 3.87 × 105 km2 (Figure 1). The climate regime is characterized by long, dry, and cold winters and short, moist, and hot summers [19]. The annual average temperature ranges from 0 °C in the south to −6 °C in the north, and the annual precipitation ranges from less than 200 mm in the west to 500–700 mm in the east [23]. Forests dominated by larch (Larix gmelinii Kuzen.) and white birch (Betula platyphylla Suk.) represent the main land cover type, with a small proportion covered by a mosaic of scrubland, woodland, steppe, meadow, swamp, and cultivated land (Figure 1). Vegetation data on a scale of 1:1,000,000 were obtained from a digitized vegetation map of China derived from ground-based observations [28]. The permafrost region has traditionally been classified into continuous permafrost (CP), discontinuous permafrost with island taliks (DIP), and sparse island permafrost (SIP). CP, DIP, and SIP covered 19.12% (0.74 × 105 km2), 10.85% (0.42 × 105 km2), and 70.03% (2.71 × 105 km2) of the landscape in this region, respectively (Figure 1). Generally in DIP and SIP, there are extensive peatlands and palsas [29,30]. Using the results of Guo et al. [31] we produced the map of the distribution of permafrost and the changes in the southern limit of permafrost by vector quantization in ArcGIS 9 (Environmental Systems Research Institute, Redlands, CA, USA) (Figure 1).


Figure 1. Location of the study area with types of permafrost and vegetation in the permafrost zone of northeastern China.
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2.2. NDVI Datasets


Two datasets, Long Term Data Record (LTDR) NDVI (AVH13C1) collected during 1981–1999 and Moderate Resolution Imaging Radiometer (MODIS) NDVI (MOD13C2) in 2000–2014, were employed in this study to reveal the spatiotemporal variation of growing-season vegetation cover in the permafrost region of northeastern China to completely cover 1981–2014. LTDR AVH13C1 products are supported by the LTDR project that was funded as part of the National Aeronautics and Space Administration (NASA) Earth Science Research, Education, and Application Solution Network. This was designed to derive consistent and longtime datasets from the Advanced Very High Resolution Radiometer (AVHRR) series of satellites (NOAA 7, 9, 11, 14, and 16) [32] and MODIS apparatuses for application in global climate warming research studies [33]. The LTDR AVH13C1 products consisted of a series of daily NDVI data, which was produced with a spatial pixel resolution of 0.05° for the period 1981–1999. This dataset included a modified atmospheric correction approach and bidirectional reflectance distribution function correction [34].



MODIS is an important piece of equipment aboard the Terra (generally known as Earth Observing System AM-1) and Aqua (generally known as Earth Observing System PM-1) satellites active from 2000 onward. These provide a good opportunity to monitor many processes associated with the photosynthetic plant activity of Earth’s terrestrial ecosystems [35,36]. The MODIS NDVI (MOD13C2) datasets are composed of the gridded 16-day 1-km NDVI (MOD13A2) with cloud effect eliminate [37]. These data provide monthly product with a spatial pixel resolution of 0.05° that can be obtained from the NASA Level 1 and Atmosphere Archive and Distribution System [38].



Both datasets have considered the effects of atmospheric and geometric calibrations, particularly for those deviations that are generated by the satellite shift to ensure the quality of the data [33,37]. MOD13C2 monthly datasets were generated by employing the maximum value composite (MVC) approach to further reduce the influence of clouds, atmospheric conditions, and the solar zenith angle. The MVC procedure picks the highest NDVI at a per pixel scale [39]. The composite algorithm decreases the effects of angular and sensor changes and offers spectral measures that can be used to rigorously detect spatiotemporal variations of terrestrial plant activity [40]. By using the MVC method, monthly compounds were produced from the AVH13C1 NDVI data products to have a consistent time resolution for the above two NDVI products datasets. Therefore, a long-term monthly NDVI dataset was obtained from AVH13C1 NDVI and MOD13C2 NDVI with a spatial resolution of 0.05°.



The mean growing-season NDVI values were calculated by averaging monthly maximum values from April to October. Any pixels that showed an average growing-season NDVI <0.05 were masked as non-vegetated regions [41].




2.3. Ground Surface Temperature Data


Monthly ground surface temperature (0 cm) dataset was offered by the National Meteorological Information Centre of China during 1981–2014. The climate data during the growing-season each year were generated from 35 meteorological stations across the permafrost region of northeastern China. These climate data were interpolated in ArcGIS 9 through Co-Kriging method based on DEM at a spatial resolution of 0.05° to keep consistent with mean growing-season NDVI.




2.4. Methods


2.4.1. Consistency Checking Between LTDR and MODIS Datasets


The continuity and uniformity of the above two NDVI products data are indispensable for studies of land-climate relationships [42]. This was done by analyzing monthly NDVI during the periods of 1995–1999 (LTDR dataset) and 2000–2005 (MODIS dataset) with the homologous sections of 1995–2005 Global Inventory Modelling and Mapping Studies (GIMMS) dataset for the entire permafrost zone [33]. Moreover, the annual average of NDVI was compared between LTDR NDVI and MODIS NDVI data during 1982–2014, corresponding with the GIMMS NDVI data during 1982–2006.




2.4.2. Spatiotemporal Analysis for NDVI and GST


The MGS-NDVI and GS-MGST were calculated. The linear time trends were produced by applying the ordinary least-squares regression method for NDVI and GST to quantify the magnitude of these trends [43] (Equations (1) and (2)):
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(1)
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(2)




where [image: there is no content]is the MGS-NDVI or GS-MGST, [image: there is no content] is year, and [image: there is no content] and [image: there is no content] are mean values of [image: there is no content] and[image: there is no content] respectively. The slope ([image: there is no content]) represents the magnitude of the trend, [image: there is no content] is the intercept, [image: there is no content]is the residual error. Furthermore to investigate the trends of growing-season NDVI, linear trends from 1981 to 2014 on a per-pixel basis were examined. Expression is shown in Equations (3) [44].
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(3)




where [image: there is no content] is the trend of vegetation dynamics or GST, [image: there is no content] is equal to 34, [image: there is no content] the order of year from 1 to 34 in the study period, and [image: there is no content] is the MGS-NDVI in the [image: there is no content]th year. The MGS-NDVI from 1981–2014 exhibits an increasing trend when [image: there is no content] > 0 and a decreasing trend when [image: there is no content] < 0 [41].



To understand the correlations between NDVI and GST, Pearson’s correlation coefficient between NDVI and GST were computed. Correlations range from +1 to −1. A zero coefficient suggested that there is no correlation between the variables. A positive coefficient indicates that both variables move in the same direction together. A negative coefficient states that the two variables go toward opposite directions. Correlation analysis was produced at both the spatial average value and pixel scale (Equations (4)) [45].
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(4)




where [image: there is no content] represents the correlation coefficient for x and y, whose value ranges from −1 to 1, xi and [image: there is no content] is the values of the two variables in [image: there is no content]th year and [image: there is no content] and [image: there is no content] is the mean values of [image: there is no content] and [image: there is no content] during the period of study respectively.






3. Results and Discussion


3.1. Consistency Check


The consistency between LTDR and MODIS data was evaluated in the permafrost region of northeastern China (Figure 2). Figure 2a suggested that there is good consistency among LTDR, MODIS, and GIMMS NDVI. The regression slopes were very similar between GIMMS NDVI and LTDR NDVI for 1995–1999 and between GIMMS NDVI and MODIS NDVI for 2000–2005 (Figure 2b). The annual average of NDVI in 1982–2006 was also found to be similar among LTDR, MODIS, and GIMMS. The result shows a good consistency between LTDR and MODIS NDVI data. The rapid increase and decrease for NDVI from the LTDR to the MODIS also correspondingly appeared for the GIMMS NDVI. Therefore, the monthly NDVI sequence dataset that we generated from LTDR and MODIS in this study is reliable and covers a long time period with a spatial resolution of 0.05°.


Figure 2. Comparison of Normalization Difference Vegetation Index (NDVI) time sequences obtained from the Global Inventory Modelling and Mapping Studies (GIMMS) NDVI data, Long Term Data Record (LTDR) AVH13C1, and Moderate Resolution Imaging Radiometer (MODIS) MOD13C2 for the permafrost region of northeastern China. (a) Monthly NDVI time series of the LTDR, MODIS, and GIMMS datasets from 1995 to 2005. (b) AVH13C1 (blue) and MOD13C2 (red) versus the GIMMS NDVI data. (c) Annual NDVI time series of the LTDR, MODIS, and GIMMS datasets from 1982 to 2006 (time series of GIMMS NDVI provided was from July 1981 to December 2006).
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3.2. The Interannual Dynamics of MGS-NDVI and Its Correlation to GS-MGST at the Scale of the Entire Permafrost Zone


An analysis of the interannual variation of spatial average MGS-NDVI for the entire study area shows it significantly increased at a rate of 0.003 year−1 (p < 0.01; Figure 3a). Annual GS-MGST also increased at a rate of 0.092 °C/year (p < 0.01). The significantly positive (R = 0.84; p < 0.01) correlation between MGS-NDVI and GS-MGST is depicted in Figure 3b. The MGS-NDVI markedly increased with increasing GS-MGST. These results suggest that warming GS-MGST in the permafrost region of northeastern China played a positive role in plant growth that was consistent with some previous studies [46,47]. Mao et al. [9] found that warming land surface temperature resulted in increased vegetation growth in the permafrost zone of the Tibetan Plateau. Permafrost thawing induced by warming ground surface temperature resulted in accelerated soil respiration and increased mineralization and decomposition of nutrients that promoted the growth of vegetation cover [48]. Warming temperature prolonged the growing-season (amplitude of the growth cycle) by causing earlier bud break and delayed senescence of plants and thus improved vegetation activity [49]. However, a few studies have revealed that vegetation cover decreased with an increase in the thickness of the active layer of permafrost, i.e., the degradation of permafrost played a negative role in vegetation cover in the Qinghai-Tibet Plateau [50,51,52].


Figure 3. Trend in spatial average growing-season mean NDVI and growing-season average ground surface temperature (a) and correlation between growing-season mean NDVI and growing-season average ground surface temperature over the entire permafrost zone of northeastern China, 1981–2014 (b).
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3.3. Spatial Dynamics of MGS-NDVI and Its Relationship to GS-MGST at the Pixel Scale


Spatial dynamics of the MGS-NDVI show that there was a high degree of spatial heterogeneity based on per pixel analysis (Figure 4a). The pixels that showed increasing trends accounted for 87.78% of the permafrost area, and were mostly distributed in the entire permafrost zone except for the western steppe regions. Pixels that showed decreasing trends (approximately 12.22%) were mainly found in the cultivation and steppe regions of the study area. The results of statistical tests at the 5% significance level of MGS-NDVI trends show the MGS-NDVI value in 80.57% of the entire study area increased significantly and decreased significantly only 7.72% of the total study area (Figure 4b).


Figure 4. Spatial variations in the mean growing-season NDVI values for the permafrost zone in northeastern China from 1981–2014. (a) Magnitude and Statistical test at 5% level of significance (b).
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To further detect the correlations between MGS-NDVI and GS-MGST, correlation coefficients were calculated for all pixels (Figure 5). Strong and positive correlations between MGS-NDVI and GS-MGST were found in most areas with permafrost and these accounted for approximately 77.49% of the permafrost area (1% and 5% significance levels). The correlation was significant especially in most of CP region, the entire DIP, and the central section and eastern region of SIP with high NDVI values and forest cover, even at the 1% level (approximately 74.30%). However, in the steppe-dominated areas in the western part of the SIP, the MGS-NDVI was significantly negatively correlated with GS-MGST and included approximately 9.49% of all pixels (1% significance levels).


Figure 5. Spatial correlations between mean growing-season NDVI and growing-season average ground surface temperature for the permafrost zone in northeastern China from 1981 to 2014. * and ** correspond to 5% and 1% levels of statistical significance, respectively.
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The permafrost zone of northeastern China is located in cold regions where the positive and significant correlation can be explained physiologically because increased temperatures can accelerate plant photosynthesis [53], prolong the growing-season, and result in increased plant activity [54,55,56,57]. This can be interpreted as an increase in photosynthesis and respiration in support of vegetative growth in response to warmer climatic conditions [58]. A negative correlation between MGS-NDVI and GS-MGST was observed in the western part of the SIP (i.e., the Hulun Buir grassland) because an increase in temperature limited plant growth in this semi-arid climate. In the semi-arid region, increasing temperature might result in a decrease in moisture availability for vegetative growth [59]. Increasing GS-MGST enhanced the intensity of transpiration and indicated vegetation cover would decrease with increasing temperature during the growing-season.




3.4. Changes in MGS-NDVI and Its Association with GS-MGST in Different Types of Permafrost Zones


The MGS-NDVI trends for various permafrost types allowed us to better understand patterns of NDVI change. The MGS-NDVI for all permafrost types significantly increased (p < 0.01) because of increased soil moisture and a longer growing-season that is associated with warming temperature [60]. However, the variations in MGS-NDVI were obviously different among the various types of permafrost zones (Figure 6). CP and SIP exhibited the largest and smallest significant increasing trend, with average annual increments of 0.0048 year−1 and 0.0023 year−1, respectively. Additionally, DIP was similar to the trends in the CP, with a positive rate of 0.0042 year−1; this might be related to the similar GS-MGST and extent of thawing [9].


Figure 6. Trend in spatial average growing-season mean NDVI values over the various types of permafrost zones from 1981–2014 (CP: continuous permafrost zone; DIP: discontinuous permafrost with island taliks; SIP: sparse islands of permafrost zone).
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The correlation coefficients between MGS-NDVI and GS-MGST among different permafrost types clearly show that a significantly positive correlation existed between NDVI and ground surface temperature in the entire permafrost zone of northeastern China (Table 1). Moreover, the correlation coefficients between NDVI and GST ranged from 0.718 to 0.754 to 0.821 for SIP, CP, and DIP, respectively (p < 0.01). The trend of correlation coefficients showed an increase from CP to DIP, while the trend of correlation coefficients decreased from DIP to SIP. In our research, CP, DIP, and SIP represented successive stages in the process of permafrost thawing. Trends of the correlation coefficients between MGS-NDVI and GS-MGST increased from CP to DIP and then decreased from DIP to SIP. The degradation of permafrost was a long-term dynamic process and a lag effect was observed [8]. As permafrost begins to degrade, increased ground surface temperature weakened the influence of cold temperature resulting in increased soil temperature, and a prolonged growing-season that resulted in accelerated plant growth [48]. As permafrost continued to degrade, the positive correlation between NDVI and ground surface temperature became weak; this may be attributed to decreased soil moisture [61]. Furthermore, permafrost disappears completely with continued warming of ground surface temperature; this may cause the soil to become much drier and will aggravated conditions related to vegetative growth [62]. Hence, increasing ground surface temperature accelerated a short term increase in vegetation cover with the degradation of permafrost, while over the long term the degradation or disappearance of permafrost may weaken or even hinder vegetative activities.



Table 1. Correlation coefficients between mean growing-season NDVI and growing-season mean ground surface temperature among different permafrost types (CP: continuous permafrost zone; DIP: discontinuous permafrost with island taliks; SIP: sparsely island permafrost zone). ** indicates a 0.01 level of significance.







	
Permafrost Types

	
Correlation Coefficients






	
CP

	
0.754 **




	
DIP

	
0.821 **




	
SIP

	
0.718 **












4. Conclusions


This study documented the spatiotemporal variations in vegetation NDVI and the correlation between NDVI and GST. In addition, we investigated how permafrost degradation played a role in affecting vegetation dynamics. The main conclusions follow:

	(1)

	
The MGS-NDVI significantly increased at a rate of 0.003 year−1 at the entire permafrost zone scale. Meanwhile, the spatial dynamics of the vegetation cover in the permafrost zone had a high degree of heterogeneity at the per pixel scale.




	(2)

	
These results suggest that warming GS-MGST (permafrost degradation) in the permafrost region of northeastern China played a positive role in improving plant growth and increasing plant activity. However, increasing ground surface temperature accelerated vegetation cover and growth in the short term with permafrost degradation; nevertheless, from a long term point of view, permafrost degradation or its disappearance may weaken or even hinder vegetation growth and activity.









While this study did provide some useful results, several points remain unclear and need to be researched, analyzed, and discussed in the future. For example, despite a strong increase in NDVI in the permafrost zone in northeastern China over the last three decades, the details related to carbon exchange remain unknown under the background of a warming climate. However, some literature suggested that the thawing of permafrost was caused by climate warming that accelerated the decomposition of organic carbon by soil microbes, and this decomposition released carbon dioxide (CO2) and methane (CH4) into the atmosphere and hydrosphere [63,64,65,66]. However, Qian et al. [67] investigated terrestrial carbon storage in the northern high latitudes using a model and revealed that climatic warming in the northern high latitudes will cause the maintenance of a carbon sink in this region by 2100. Permafrost thawing plays a positive or negative role in creating feedback to climate change based on different research approaches. Effective observation networks need to be developed in order to allow researchers to evaluate the potential effects of the thawing of permafrost on climate change. More studies are needed to detect and document the role of permafrost in the regional and global carbon balance.
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