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Abstract

:

Vegetation phenology and photosynthetic primary production have changed simultaneously over the past three decades, thus impacting the velocity of vegetation greenup (Vgreenup) and withering (Vwithering). Although climate warming reduces the frequency of frost events, vegetation is exposed more frequently to frost due to the extension of the growing season. Currently, little is known about the effect of frost during the growing season on Vgreenup and Vwithering. This study analyzed spatiotemporal variations in Vgreenup and Vwithering in Northeast China between 1982 to 2015 using Global Inventory Modeling and Mapping Studies Normalized Difference Vegetation Index (GIMMS 3g NDVI) data. Frost days and frost intensity were selected as indicators to investigate the influence of frost during the growing season on Vgreenup and Vwithering, respectively. Increased frost days during the growing season slowed Vgreenup and Vwithering. The number of frost days had a greater impact on Vwithering compared to Vgreenup. In addition, Vgreenup and Vwithering of forests were more vulnerable to frost days, while frost days had a lesser effect on grasslands. In contrast to frost days, frost intensity, which generally decreased during the growing season, accelerated Vgreenup and Vwithering for all land cover types. Changes in frost intensity had less of an impact on forests, whereas the leaf structure of grasslands is relatively simple and thus more vulnerable to frost intensity. The effects of frost during the growing season on Vgreenup and Vwithering in Northeast China were highlighted in this study, and the results provide a useful reference for understanding local vegetation responses to global climate change.
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1. Introduction


Global climate change is rapidly altering surface vegetation and impacting the functioning of ecosystems [1]. Vegetation phenology, is an important indicator of dynamic changes in plant landscapes and can be used to reveal the growth dynamics of vegetation and directly reflect the response and feedback process of ecosystems to global climate change [2,3]. Phenology, in the context of global climate change, has been widely studied at different scales [4,5,6]. A number of studies have demonstrated the earlier start of season (SOS), start of peak season (SOP), and end of peak season (EOP) due to climate change, while end of season (EOS) has been delayed in the northern hemisphere over the past three decades as indicated by both in situ and via remote sensing observations [7,8,9,10,11,12]. The trends of earlier and later phenology have resulted changes of the duration of vegetation greenup (Dgreenup, defined as the time span from SOS to SOP) and withering (Dwithering, defined as the time span from EOP to EOS), which is referred to as an extended vegetation growing season [13]. Changes in the growing season affect the carbon cycle of terrestrial ecosystems, which also have complex effects on the growth cycle of vegetation.



The earth is experiencing a gradual greening process due to the comprehensive influence of various factors [14,15,16] such as regional climate change (temperature, precipitation and solar radiation) [17], and the impacts of fertilization and elevated carbon dioxide [18]. This trend in global greening is considered to increase the photosynthetic capacity of vegetation, and changes in NDVI amplitude during vegetation greenup (Agreenup, defined as the NDVI amplitude between SOS and SOP) and withering (Awithering, defined as the NDVI amplitude between EOP and EOS). Vegetation phenology and photosynthetic primary production may change simultaneously because of the complex interaction between vegetation and climate, which can impact the velocity of vegetation greenup (Vgreenup, defined as the ratio of Agreenup to Dgreenup) and withering (Vwithering, defined as the ratio of Awithering to Dwithering) [19,20,21]. Changes in Vgreenup and Vwithering might affect the carbon, water and energy cycles of ecosystems and the response of vegetation to regional climates [22,23,24]. Currently, the spatial patterns and related changes in Vgreenup and Vwithering at a regional scale are not clear. Therefore, researching the spatial-temporal variations of Vgreenup and Vwithering would help to improve our understanding of current vegetation dynamics and the responses of vegetation to climate change.



Frost, a meteorological phenomenon caused by low temperatures, has a number of ecological impacts including loss of stored carbon and nutrients, and the alteration of species interactions [25,26,27]. Records of air temperature and remote sensing observations indicate that the date of the last spring frost is advancing [28,29], the earliest autumn frost date is being delayed [30,31], and the frost-free season is extending in the northern hemisphere [32,33]. Although climate warming reduces the frequency and intensity of frost, recent studies have demonstrated that the vegetation is more frequently exposed to frost in temperature-limited ecosystems due to the extension of the growing season [34]. Global warming is likely to result in different patterns of frost, depending on the specific climatic conditions of the area. Therefore, it is necessary to study the effect of frost change on vegetation on a regional scale rather than a larger spatial scale. Previous studies have highlighted the changes in the timing and frequency of frost, and the effects of frost on vegetation phenology [35,36,37], however, the response of different Vgreenup and Vwithering to frost has not been fully studied.



Northeast China is located in the mid-latitudes of the Northern Hemisphere and is one of the regions in China that is most sensitive and earliest to respond to climate change [38]. The study area exhibits extensive natural diversity with respect to vegetation, and the perennial cold climate provides good conditions for investigating the impact of frost events on Vgreenup and Vwithering. In the current study, we reconstructed annual Vgreenup and Vwithering in Northeast China using the third generation Global Inventory Modeling and Mapping Studies Normalized Difference Vegetation Index (GIMMS 3g NDVI) data from 1982–2015, and the Princeton Global Forcing dataset to investigate the spatial distribution of frost days and frost intensity during the growing season at the pixel scale in order to address the following questions: (1) Are the trends in frost days and frost intensity during the growing season consistent with those in the Northern Hemisphere? (2) How did Vgreenup and Vwithering change in different ecological regions throughout the study period? (3) How do changes in frost during the growing season affect Vgreenup and Vwithering within the study domain? (4) How do different land cover types respond to frost at different vegetation growth stages?




2. Materials and Methods


2.1. Study Area


The study area (115° 32′ E to 135° 10′ E, 38° 42′ N to 53° 35′ N) is located in Northeast China, and covers an area of 1.18 million km2 (Figure 1). The region is characterized by a temperate monsoon climate, with high temperatures and precipitation in the summer, and cold temperatures and low precipitation in the winter. The central region of the study area is dominated by plains and is composed of the Songnen and Liaohe Plain. The west, north and eastern parts of the study area are surrounded by the Greater Khingan Mountains, the Lesser Khingan Mountains and the Changbai Mountains, respectively. The natural vegetation in the study area mainly includes deciduous broadleaf forests, deciduous needleleaf forests, mixed forests, savannas, woody savannas, and grasslands. Forests are distributed throughout the mountainous areas. Grasslands, savanna and woody savanna make up the majority of the western part of the study area.



The study area is composed of 13 ecological regions [39]: (IA1) north Greater Khingan Mountain deciduous coniferous forest region; (IIA1) Sanjiang Plain wetland region; (IIA2) Lesser Khingan Mountain broadleaved and coniferous forest region; (IIA3) Changbai Mountains broadleaved and coniferous forest region; (IIA4) piedmont platform of eastern Songliao Plain broadleaved and coniferous mixed forest region; (IIB1) middle Songliao Plain forest-steppe region; (IIB2) middle Greater Khingan Mountains steppe-forest region; (IIB3) hill land of north part of western Greater Khingan Mountains piedmont forest-steppe region; (IIC1) western Liaohe River Plain steppe region; (IIC2) southern Greater Khingan Mountain steppe region; (IIC4) Hulun Buir Plain steppe region; (IIIA1) eastern Liaoning and Jiaodong hill land deciduous broadleaved forest and cultivated vegetation region; and (IIIB3) North China Mountains deciduous broadleaved forest region.




2.2. Data Processing


2.2.1. GIMMS 3g NDVI


The GIMMS 3g NDVI [40] (https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/, version 3g.v1) was used to calculate Vgreenup and Vwithering. The long time-series NDVI dataset used the maximum value composite (MVC) method to minimize the effects of clouds, water vapor, solar angle and aerosols [41]. The dataset covered the period from July 1981 to December 2015 with a 15-day temporal resolution and 1/12° spatial resolution.




2.2.2. Meteorological Data


The daily minimum temperature (TMIN) was collected from the Princeton Global Forcings dataset (version 3, http://hydrology.princeton.edu/data.pgf.php) [42] and used to calculate the number of the frost days and accumulated frost degree days during vegetation greenup and withering. Daily average temperature (TMEAN), precipitation and downward shortwave at surface (dswrf) were used to assess the impact of climatic factors on Vgreenup and Vwithering. The Princeton Global Forcings dataset models hydrological and land-surface processes using global observations at a spatial resolution of 0.25 degrees. All meteorological data used in this study were resampled using the nearest neighbor assignment method at the spatial resolution of the GIMMS dataset.




2.2.3. Landcover Dataset


The Moderate Resolution Imaging Spectroradiometer (MODIS) global land cover type products (MCD12C1, collection 6) from 2001 to 2015 and land use and land cover (LULC) maps collected in the 1980s by the National Earth System Science Data Center, National Science & Technology Infrastructure of China (http://www.geodata.cn) were used to classify the land cover type in the study area. MCD12C1 defines various classification schemes, and the International Geosphere-Biosphere Programme (IGBP) global vegetation classification scheme was used in this study, together with LULC maps. In order to reduce the impact of land cover change on the analysis based on different land cover types, if the same landcover types of MCD12C1 and LULC maps intersected during the study period they were classified as unchanged pixels. The spatial resolution of MCD12C1 and LULC maps was 0.05° and 5km, respectively. Unchanged land cover pixels were resampled (nearest neighbor assignment method) to the same spatial resolution as the GIMMS dataset.





2.3. Methods


2.3.1. Calculation of Velocity of Vegetation Greenup and Withering


The Savitzky–Golay (S–G) filter was used to fit the annual vegetation growth curves in this study. The S–G filter retains details of the NDVI time series and smooths the curve in accordance with the vegetation growth law, which is beneficial for the high precision information extraction of vegetation phenology. The timing of 20% of the NDVI amplitude was used as the SOS and EOS, and the timing of 80% of the NDVI amplitude was used as the SOP and EOP (Figure 2). This process was completed in TIMESAT software (version 3.3) [43] and the following parameters were specified: seasonal parameters of 1, the number of envelope iterations of 2, an adaptation strength of 3, and a SG window size of 3. Based on the methodology of Wang et al. [19], Vgreenup was defined as the ratio of Agreenup to Dgreenup. Similarly, Vwithering was defined as the ratio of Awithering to Dwithering:


  Vgreenup =   Agreenup   Dgreenup   =     NDVI   SOP   −   NDVI   SOS     SOP − SOS    



(1)






  Vwithering =   Awithering   Dwithering   =    |    NDVI   EOS   −   NDVI   EOP    |    EOS − EOP    



(2)








2.3.2. Defining Frost Indices in Growing Seasons


Rather than define all the frost days in spring or autumn, we focused only on the number of frost days that occurred in the vegetation growing season. The frost days in the growing season were divided into two parts that corresponded to Dgreenup and Dwithering. The number of frost days during the vegetation greenup (VGFDs) was defined as:


  VGFDs =   ∑   S O S   S O P   f r o s t   d a y s  



(3)







Similarity, the number of frost days during vegetation withering (VWFDs) were defined as:


  VWFDs =   ∑   E O P   E O S   f r o s t   d a y s  



(4)




where frost days were defined as days with TMIN < 0 °C.



The average accumulated frost degree days (AFDD) [44] was defined as the mean value of the accumulated temperature lower than the frost threshold during the study period, and was used as an index to measure frost intensity. Average AFDD during vegetation greenup was calculated as follows:


     average   AFDD    V G   =     ∑   S O S   S O P   max  (  Th −  T  MIN   , 0  )    S O P − S O S    



(5)







Similarity, average AFDD during vegetation withering was calculated as:


     average   AFDD    V W   =     ∑   E O P   E O S   max  (  Th −  T  MIN   , 0  )    E O S − E O P    



(6)




where, Th represents the frost threshold temperature. The sensitivity of Vgreenup (Vwithering) to average AFDD in the threshold temperature range of −2 °C to 2 °C was evaluated to determine the frost threshold in this study (Figure S1). Vgreenup and Vwithering was most sensitive to average AFDD at the threshold temperature of 2 °C and −2 °C, respectively.




2.3.3. Investigation of the Sensitivity of the Vegetation Greenup and Withering to Frost Days


The sensitivity of Vgreenup (or Vwithering) to frost days, defined as the change in Vgreenup (or Vwithering) per unit change of number of frost days [45], was the regression coefficient of the frost days using multiple linear regression. Vgreenup (or Vwithering) was the dependent variable, while climatic parameters (temperature, precipitation and solar radiation) and frost days in Dgreenup (or Dwithering) were used as independent variables. The general form of a multiple linear regression model is [46]:


  Y =  β 0  +  β 1   X 1  +  β 2   X 2  + ⋯ +  β k   X k  + μ  



(7)




where, k,    β 0    and  μ  represent the number of independent variables, a constant term and random error, respectively.    β 1   ,    β 2   ⋯   β k    is the regression coefficient. Similarity, the sensitivity of Vgreenup (or Vwithering) to AFDD was calculated by replacing the frost days in the above formula with AFDD.




2.3.4. Statistical Analyses


Sen’s slope [47] was used to assess temporal trends in Vgreenup, Vwithering, frost days and AFDD at the pixel scale from 1982 to 2015. In contrast to the linear trend fit by least squares, Sen’s slope removes the interference of individual abnormal values and reduces the influence of missing data on the results [48]. Mann–Kendall [49,50] is a nonparametric statistical test that does not require samples to obey a particular distribution. In this study, Mann–Kendall was used to investigate the significance of trends for Vgreenup, Vwithering, frost days and AFDD.



Partial correlation analysis was used to evaluate the relationship between Vgreenup (or Vwithering) and frost to eliminate the effects of other climatic factors, whereby Vgreenup (or Vwithering) and frost days (or mean AFDD) were set as dependent variables and independent variables, respectively. TMEAN, precipitation, and solar radiation were set as controlling variables. AFDD and TMEAN are the average values during Dgreenup (or Dwithering), and VGFDs (or VWFDs), precipitation, and solar radiation were accumulated during Dgreenup (or Dwithering).






3. Results


3.1. Spatial Variability in Frost during the Growing Season


The spatial distribution of the VGFDs and VWFDs in Northeast China from 1982 to 2015 was calculated using the mean number of pixels whose daily TMIN was less than 0 °C during Dgreenup and Dwithering (Figure 3a,b). The spatial patterns of VGFDs exhibited good spatial consistency with VWFDs, while the frequency of frost days in Dwithering was significantly higher than that during Dgreenup. The mean VGFDs and VWFDs in Northeast China were 10.12 ± 7.90 days/year and 24.45 ± 12.14 days/year, respectively. The largest number of frost days was found in the northern Greater Khingan Mountains and the southern Lesser Khingan Mountains region. The number of frost days gradually decreased with decreasing latitude. Frost occurs more frequently in high altitude areas, while the plain area had the lowest frequency of frost days during the growing season (Figure S2).



The spatial distribution of AFDD in Dgreenup and Dwithering was consistent with the frost days in the corresponding period (Figure 3c,d). Frost intensity increased with increasing latitude and altitude. Similar to seasonal differences in frost days, frost intensity during vegetation withering was higher than that in the process of greenup, with average AFDD of 4.65 ± 1.86 °C / day and 1.29 ± 0.28 °C / day, respectively. Results show that the frequency of vegetation exposure to frost was lower and the intensity of frost was smaller during vegetation greenup than during vegetation withering.




3.2. Temporal Variability of Frost during the Growing Season


During the study period, 63.66% of the VGFDs pixels showed a positive trend, with a mean increasing rate of 0.3 ± 0.06 days/decade (Figure 4a). In contrast, a negative trend in VGFDs was mainly distributed in the southern Lesser Khingan Mountains, northern Changbai Mountains, and western Hulunbeier Plateau, while only 5.43% of the study area pixels passed the significance test (p < 0.05, Figure S3a). More VWFDs pixels (74.44%) show a positive trend, and the overall positive trend observed for VWFDs was stronger than that of VGFDs with an average increase of 1.50 ± 0.15 days/decade (Figure 4b). The pixels that showed a significant increase in VWFDs were distributed in the Greater Khingan Mountains and Lesser Khingan Mountains (p < 0.05, Figure S3b). The observed negative trend was concentrated in the Changbai Mountain area, but only 2.23% of the study area had significant changes (p < 0.05).



Average AFDDVG in Northeast China had a broad negative trend (90.01%), with a decreasing rate of 0.13 °C/day each decade (Figure 4c). Average AFDDVG declined fastest (0.31 °C/day every decade) in the northern part of the Greater Khingan Mountains, and 10.17% of the study area pixels passed the significance test (p < 0.05, Figure S3c), while the negative trend in western Liaohe River Plain was the weakest. Combined with the generally positive trend in VGFDs, the results show that although the frequency of natural vegetation exposure to frost is increasing in the study area during vegetation greenup, the frost intensity is decreasing. The trend in AFDDVW had good spatial consistency with the trend in VWFDs, i.e., frost intensity also increased in areas where VWFDs increased, while frost intensity also decreased in the area where the VWFDs decreased. In the study area, AFDDVW was observed to increase and decrease significantly (p < 0.05, Figure S3d), accounting for only 6.18% and 2.32% of the study area pixels, respectively.




3.3. Spatial and Temporal Variability of the Velocity of Vegetation Greenup and Withering


The spatial distribution of Vgreenup in Northeast China from 1982 to 2015 had high spatial heterogeneity, which was ecosystem dependent. Mean Vgreenup was 0.71 × 10−2 /day (SD: 0.28 × 10−2) for the whole study area (Figure 5a). Areas with high Vgreenup were generally located in mountainous areas and had denser vegetation (average altitude 558.32 m) where mixed forest, deciduous broadleaf forest, deciduous needleleaf forest, and woody savannas are the primary land cover types. Areas with lower Vgreenup were concentrated in the central plains and western Hulun Buir Plain (average altitude 226.37 m), which are characterized by cover types such as grasslands. Over half (56.65%) of the pixels in Vgreenup showed a negative trend in the middle Greater Khingan Mountains steppe-forest region and southern Greater Khingan Mountain steppe region (Figure 5b). At a 95% confidence level, 10.92% of study area pixels show a trend to negative Vgreenup (Figure S4a). Vgreenup in the Hulun Buir Plain steppe region and southern portions of the Liaohe Plain had a positive trend.



The spatial patterns for Vwithering in Northeast China were consistent with Vgreenup. It was observed that the Vwithering value was greater than Vgreenup, with an average value of 0.82 × 10−2/day (SD: 0.16 × 10−2, Figure 5c). High Vwithering occurred in the north and middle part of the Greater Khingan Mountain and the southern Changbai Mountain where the main land cover type was forests, while Vwithering was lowest in grasslands such as the western Liaohe Plain and western Hulun Buir. Over half (52.24%) of the pixels in Vwithering had a negative trend (Figure 5d) and were mainly distributed in the southern Greater Khingan Mountain steppe region, but only 9.93% of the pixels had statistical significance (p < 0.05, Figure S4b). The pixels with a positive trend were mainly distributed in the southern part of the Changbai Mountains and western Liaohe River Plain.




3.4. Effects of Growing Season Frost on Vgreenup and Vwithering Dynamics


Frost days occurring during different time periods in the growing season had differing effects on Vgreenup and Vwithering (Figure 6a,b). During vegetation greenup, a negative partial correlation was identified between the Vgreenup and VGFDs in 67.04% of the study area, which was mainly found in the northern Greater Khingan Mountain, western Hulun Buir Plain. The Changbai Mountains and Liaohe Plain had a weak positive partial correlation. Different from the centralized distribution of positive partial correlation during greenup in the northern part of the study area, a negative partial correlation between VWFDs and Vwithering was found throughout the whole study area (82.96%). During the vegetation withering period, 18.12% of the study area pixels were observed to have a significant negative partial correlation (p < 0.05), which was basically consistent with the period of vegetation greenup (19.59%). These results show that the general increase in frost days during the growing season cause a slow-down in Vgreenup and Vwithering.



The negative correlation observed between Vgreenup (Vwithering) and average AFDD, accounted for 90.98% and 92.14% of the study area (Figure 6c,d), respectively. Frost intensity had a greater impact on Vgreenup and Vwithering in the corresponding period than that of frost days, and 41.58% and 39.26% of the study area pixels had a significant negative correlation with vegetation greenup and the withering period (p < 0.05), respectively. These results demonstrate that a general decrease in frost intensity during the growing season leads to in an increase in Vgreenup and Vwithering.




3.5. Different Responses to Frost among Land Cover Types


Across land cover types, there was a negative partial correlation between Vgreenup (Vwithering) and frost in the corresponding period (Table 1). Vgreenup of deciduous needleleaf forest, deciduous broadleaf forest and woody savannas had a significant negative partial relationship with VGFDs, and the correlation (Rp) was −0.37 (p < 0.05), −0.38 (p < 0.05) and −0.36 (p < 0.05), respectively. Except for deciduous needleleaf forest and mixed forest, a significant negative partial correlation between Vgreenup and frost intensity was observed for all other land cover types. The effect of frost days on deciduous needleleaf forest was greater than that of frost intensity, while deciduous broadleaf forest, savannas and grasslands were more affected by frost intensity during the greenup period.



During the vegetation withering period, except for grasslands and woody savannas, a significant negative partial correlation between Vwithering and VWFDs was observed (p < 0.05), in which deciduous needleleaf forest and mixed forest passed the 99% significance test. In contrast, the negative correlation between Vwithering and frost intensity had a weak influence on different land cover types, and was significant for savannas and grasslands, with a Rp of −0.38 (p < 0.05), and −0.40 (p < 0.05), respectively.





4. Discussion


4.1. Frost Risk during the Growing Season


The risk of frost events affecting vegetation in temperate regions has received greater attention in light of climatic changes over recent years [51,52]. Increases in global temperatures have reduced the frequency and intensity of frost [53]. Additionally, Zhou et al. [54] demonstrated that accelerated urbanization in northern China significantly decreases the frequency of cold events. The extension of the vegetation growing season is another impact of the rise in temperatures, which makes vegetation more easily exposed to frost. Although our research demonstrated that frost intensity has generally decreased during vegetation greenup, and will likely continue to decrease in the future [55], this does not mean that the risk of frost to vegetation will decrease. Only 32.13% of the study area experienced a simultaneous decrease in frost days and frost intensity during vegetation greenup. The early frost-sensitive period increases the risks of the spring frost to vegetation [56]. Vegetation in temperate zones is most vulnerable to freezing when leaves emerge from buds in spring [57], and the vulnerability of leaves during this period will increase greatly with the increase of temperature.



Vegetation exposed to spring frost (without a killing frost) will compensate for damage caused in spring by slowing the velocity of withering [58]. Slower Vwithering means the increased risk of frost in the fall. It is also important to note that our results indicated that the intensity of frost did not decrease as expected in 57.37% of the study area pixels during the vegetation withering period. Nearly half of the pixels (49.16%) in the study area showed a positive trend in the number of frost days and frost intensity, and were mainly concentrated in the Greater Khingan Mountains, and the Lesser Khingan Mountains forest areas. Our results suggest that the risk of frost to natural vegetation in Northeast China during greenup and withering periods did not decrease with increases in regional temperatures, however, with the extension of the growing season, the frost risk may increase further.




4.2. Trends in Vgreenup and Vwithering


Global warming promotes the growth of vegetation, but phenology is not only related to temperature [59,60]. The variables Vgreenup and Vwithering were calculated using Agreenup (Awithering) and Dgreenup (Dwithering), and the changes in both directly affect the trend of Vgreenup (Vwithering). All land cover types had positive trends with Agreenup and Awithering (Figure S5), indicating that the photosynthetic capacity of vegetation increased gradually throughout the study period, which is consistent with the results of previous studies [19]. Current air temperatures are far lower than the average temperature at which plants achieve maximum rates of photosynthesis, and ecosystem productivity is still limited by summer temperatures [61]. The photosynthetic capacity of vegetation increases with summer temperatures.



The positive trend observed in Vgreenup was due to an increase in Agreenup and a decrease in Dgreenup. The change observed in Dgreenup was affected by changes in SOS and SOP. Although the dates of SOS and SOP for pixels with a positive trend with Vgreenup were advancing, the rate of increase in SOP was faster than that of SOS (Figure S6). The dates of SOS and SOP for pixels with a negative trend with Vgreenup were also advancing, but the rate of SOP advancement was slower than that of SOS. Therefore, variation in the trend of Vgreenup was restricted by the asymmetric rate of advance of SOS and SOP. Similarly, the generally observed negative trend in Vwithering in the study area was attributed to an advance in EOP dates and the delay of EOS dates leading to an extension of Dwithering. In areas where Vwithering increased, the dates of both EOP and EOS were observed to be delayed, but the delay of EOP dates was greater. Gonsamo et al. [62] demonstrated that peak season for plant activities in temperate terrestrial ecosystems in the northern hemisphere is shifting towards spring, with advances in the dates of SOP and EOP, which is consistent with our results.




4.3. Impacts of Frost on Vgreenup and Vwithering


Increases in frost days during vegetation greenup slowed Vgreenup. Although the general decrease in frost intensity promoted the growth of vegetation, a negative trend was still observed in Vgreenup as a whole in the study area. Vegetation requires a particular temperature accumulation during greenup [63]. Decreases in frost frequency and intensity in the preseason (usually defined as the period from the beginning of spring until the SOS date) results in faster accumulation of the required temperature for onset of vegetation greenup. Therefore, advanced SOS dates results in an extension of Dgreenup and decreases in Vgreenup. In addition, newly developed leaves lack the structural integrity to prevent damage during the early stage of vegetation greenup [64,65]. Advances of SOS dates results in an extension of the actual time when vegetation is subjected to frost stress, and these early frost sensitive stages actually increase the frost risks of the vegetation. The growth of newly developed leaves is affected by increased frost risk, which also might decrease Vgreenup. Previous work has demonstrated that vegetation needs to endure certain cold conditions during dormancy [66]. The chilling required for dormancy occurs at temperatures between 0°C and 5°C, and is necessary to shorten the time for vegetation greenup [67]. Although there is insufficient evidence for this demand for cold conditions [68], increases in VGFDs may make it harder to reach temperatures within a specific range, thus increasing the Dgreenup and leading to declines in Vgreenup.



Both frost days and frost intensity were observed to increase in the forest areas of Greater Khingan Mountain and Lesser Khingan Mountain during vegetation withering, which slowed down Vwithering in the area. Most frost events occur at night, while vegetation is only breathing. Although the intensity of late autumn frost does not seriously affect plant tissues, frost events slow down the rates of plant respiration, thereby reducing the vegetation consumption, which leads to the decline in Vwithering. Simultaneously, some studies have observed that withered yellow and deciduous leaves of plants in autumn are strongly related to soil moisture, that is, the increase in soil moisture may slow down the withering of vegetation in this area [69]. Frost events play a role in maintaining soil moisture, and might slow down Vwithering. In addition, if early spring frost damages newly developed leaves, the overall growth of vegetation can be affected. Vegetation will slow down Vwithering in order to balance frost damage received in spring.



The sensitivity of different vegetation Vgreenup and Vwithering to frost in the growing season differs. Species with more phenological sensitivity to climate warming are more vulnerable to frost as highlighted by Bennie et al [70]. In addition, the influence of frost on vegetation differs with altitude. Vitasse et al. [71] observed that the risk of frost to vulnerable vegetation tissues (new leaves, flowers and young fruits) increased significantly at higher altitudes, while risk did not change at lower altitudes. Our research demonstrated that frost days and frost intensity had little effect on the Vgreenup and Vwithering of mixed forests, and suggest that the adaptability of mixed forests to frost is stronger than other vegetation types in the study area. Small differences in frost adaptability of different species may affect interspecific competition, thus impacting the functioning and structure of terrestrial ecosystems [26,72]. These results might explain the continuous growth of mixed forest area in Northeast China. The sensitivity of Vgreenup to frost days and frost intensity increased during the vegetation greenup (Figure 7, the verification of multiple linear regression results is shown in Figure S7), and we expect that frost will have a greater impact on Vgreenup in the future. The decreasing sensitivity of Vwithering to frost intensity may indicate that the adaptability of vegetation to frost intensity is increasing, especially in the Greater Khingan Mountain and Lesser Khingan Mountain where frost intensity increased. However, the sensitivity of Vwithering to VWFDs is increasing, and the effect of frost on Vwithering needs to be further studied in the future.




4.4. Study Limitations


In this study, the effect of snow cover in spring on the NDVI curve was not effectively removed. Although the maximum value composite method was used with the GIMMS 3g NDVI data to reduce the impact of snow cover to a certain extent, this method still has limitations, which may affect the extraction of the SOS date in the current study. In addition, all meteorological data and land cover data were resampled with the same spatial resolution as GIMMS 3g NDVI (1/12°) using the nearest neighbor assignment method. The idea of this resampling method is to segment the pixels with low resolution, and keep the original pixel value, however there is still an associated error that could have influenced the results.



The growing season was divided into a greenup period and withering period to investigate the influence of frost on Vgreenup and Vwithering, respectively. Our research focuses on frost in the growing season, but the frost before SOS also has an influence on SOS dates [73]. The effect of frost before SOS on Vgreenup and Vwithering requires further investigation. In addition, the extraction of the remote sensing phenological parameters lacks support from ground verification due to the size of the study area and the length of the study period.





5. Conclusions


In this study, Vgreenup and Vwithering in Northeast China were estimated from 1982 to 2015 to assess changes based on GIMMS 3g NDVI data. We investigated changes in frost days and frost intensity during the growing season, and revealed the influence of frost on Vgreenup (Vwithering). Frost days and frost intensity gradually increased with increasing latitude. The number of frost days in both periods showed an increasing trend, and vegetation was more frequently exposed to frost. A negative trend in frost intensity was observed during vegetation greenup, whereas it increased in forested areas in the north of the study area during vegetation withering. Overall, areas with high Vgreenup were generally located at higher altitudes and had denser vegetation, while greatest Vwithering occurred in the central plain. It was observed that Vgreenup and Vwithering had a negative trend in general. Importantly, we found evidence that increased frost days during the growing season slowed Vgreenup and Vwithering, and frost intensity, which generally decreased during the growing season, accelerated Vgreenup and Vwithering. With regard to frost intensity, the Vgreenup and Vwithering of forests was more vulnerable to the number of frost days, while the leaf structure of grasslands is relatively simple and more vulnerable to frost intensity. Our results provide a useful reference for understanding interannual variations in velocity of vegetation greenup and withering in temperate regions and local vegetation responses to global climate change. Considering the potential impact of more frequent frost on vegetation productivity during the growing season, we suggest the development of more integrated strategies to help ecosystems cope with future climate change.
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Figure 1. Location of the study area and spatial distribution of main land cover types. 
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Figure 2. Calculation of vegetation greenup velocity and withering velocity; grey lines represent the annual vegetation growth curve and the red curve is the line of best fit using the S–G filter; the gray strips on the left and right represent the amplitude of NDVI during vegetation greenup and withering, respectively, the prink strips represent base value. 
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Figure 3. Spatial distribution of average values of (a) frost days during vegetation greenup (VGFDs); (b) frost days during vegetation withering (VWFDs); (c) average accumulated frost degree days during vegetation greenup (AFDDVG); and (d) average accumulated frost degree days during vegetation withering (AFDDVW). 
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Figure 4. Temporal trends of (a) frost days during vegetation greenup (VGFDs); (b) frost days during vegetation withering (VWFDs); (c) average accumulated frost degree days during vegetation greenup (AFDDVG); (d) average accumulated frost degree days during vegetation withering (AFDDVW) from 1982 to 2015. 
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Figure 5. Spatial patterns of velocity of vegetation greenup, withering and their trends in Northeast China from 1982 to 2015: (a) mean velocity of vegetation greenup (Vgreenup); (b) trends in Vgreenup; (c) mean velocity of vegetation withering (Vwithering); (d) trends of the Vwithering. 
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Figure 6. Spatial distribution of partial correlation coefficients between (a) VGFDs and Vgreenup; (b) VWFDs and Vwithering; (c) average AFDDVG and Vgreenup; (d) average AFDDVW and Vwithering. The 1%, 5%, 10%, and 20% significance levels of the partial correlations correspond to ±0.46, ±0.36, ±0.30, and ±0.24, respectively. 
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Figure 7. Sensitivity of Vgreenup and Vwithering to frost during the growing season: (a) VGFDs and Vgreenup; (b) VWFDs and Vwithering; (c) AFDDVG and Vgreenup; (d) AFDDVW and Vwithering. 
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Table 1. Partial preseason correlation (Rp) between Vgreenup (Vwithering) and frost for different land cover types in Northeast China.
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Land Cover Types

	
Greenup

	
Withering




	
VGFDs

	
Mean AFDD

	
VWFDs

	
Mean AFDD






	
Deciduous needleleaf forest

	
−0.37 *

	
−0.22

	
−0.50 **

	
−0.32




	
Deciduous broadleaf forest

	
−0.38 *

	
−0.57 **

	
−0.36 *

	
−0.22




	
Mixed forest

	
−0.27

	
−0.28

	
−0.50**

	
−0.21




	
Woody savannas

	
−0.36 *

	
−0.47 **

	
−0.20

	
−0.32




	
Savannas

	
−0.18

	
−0.56 **

	
−0.40 *

	
−0.38 *




	
Grasslands

	
−0.24

	
−0.36 *

	
−0.15

	
−0.40 *








Notes: ** indicates the partial correlation between Vgreenup (Vwithering) and frost is significant at p < 0.01 level, and * indicates a significant partial correlation at p < 0.05 level.
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