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Abstract

:

Ecological degradation has occurred in global grasslands and has impaired their ecosystem services severely, so ecological conservation of grasslands should be focused more on the effectiveness of management measures. The green-up process decides the year-round forage yield and ecological conditions of grasslands. Adopting rest-grazing during the green-up process can guarantee a successful green-up, thus realizing more economic benefits without grassland degradation. Therefore, studies should pay more attention to whether the green-up process is really covered by the rest-grazing period or not. We analyze the spatiotemporal variations and the stability of the annual green-up date in Xilin Gol Grassland from 2000 to 2018 based on MODIS time series images and compare the green-up date with the rest-grazing period to assess the effectiveness of the rest-grazing policy. The results show that the green-up date of Xilin Gol Grassland had advanced 15 days on average because of the increasing trend of both temperature and precipitation during 2000~2018. The green-up date is mostly 120~130 d in the east, about 10 days earlier than the west (130~140 d) and 20 days earlier than in the central areas (140~150 d), also because of the spatial variations of temperature and precipitation. The coefficient of variation (CV) of the green-up date showed a significant negative correlation with precipitation, so the green-up date is more unstable in the arid areas. The rest-grazing period started more than 45 days earlier than the green-up date and failed to cover it in several years, which occurred more frequently in southern counties. The average green-up date appeared after rest-grazing started in over 98% of areas, and the time gap is 15~45 days in 88% of areas, which not only could not avoid grassland degradation effectively but also increased herdsmen’s life burden. This study aims to accurately grasp the temporal and spatial variations of the green-up date in order to provide references for adjusting a more proper rest-grazing period, thus promoting ecological conservation and sustainable development of animal husbandry.
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1. Introduction


Nearly 50% of global grasslands have suffered from or faced the risk of ecological degradation, which could impair the important ecosystem services of grasslands and also human well-being [1]. The ecological conservation of grasslands, however, has usually been neglected in the sustainable development goal so far but should be attached to more importance in the future [1]. The green-up process, which indicates the beginning of vegetation growth every year, is a very important period for the ecological conservation of grasslands because it largely decides later vegetation growth in a year [2]. Moreover, for animal husbandry, the successful green-up of grasslands can ensure sufficient annual forage yields and economic profits. However, the grassland is much more vulnerable during the green-up process. Any interference may undermine the structure and function of the grassland and lead to severe ecological degradation [3,4,5]. Traditional grazing usually lasts for the whole year, including the green-up process, which seriously hinders the green-up process and brings much pressure on grasslands [6,7]. Therefore, it is very important to take appropriate measures to avoid disturbances during the green-up process of grasslands so as to support ecological conservation and sustainable development of animal husbandry.



Rest-grazing is an effective way to protect the green-up of grasslands from grazing disturbances. It has been widely adopted in the pastoral areas of many countries and has brought obvious improvements to several ecosystem services. China has the largest grassland area in the world (about 4 million km2), and many studies in Northern China and the Qinghai-Tibet Plateau have shown that banning and rest-grazing during the green-up process has effectively promoted plant height [8,9], vegetation coverage [10,11], total aboveground biomass and species richness [12,13,14,15]. Studies in several regions in China also showed that adopting rest-grazing during the green-up process can also improve the soil water content and carbon storage of grasslands, thus greatly improving their primary productivity [16,17,18,19]. Similar ecological benefits of rest-grazing are also reflected in the grasslands of other countries, which own prosperous animal husbandry, such as increasing species diversity and abundance in Australia and the United States [20,21,22] and improving the soil carbon storage in Canada [23].



However, there exists a dilemma that the rest-grazing period cannot accurately cover the green-up date, which limits the ecological benefits of rest-grazing. For example, in Xilin Gol Grassland, a very typical pastoral area in China, rest-grazing always starts at a fixed date according to subjective experience, while the actual green-up date always changes due to variations in geographical background conditions [24,25,26,27]. The rest-grazing policy has been implemented for many years, but it is still unclear whether the rest-grazing period is consistent with the green-up process of grasslands. Moreover, a too-long rest-grazing period may reduce the forage supply for livestock, which compels herdsmen to purchase more extra forages for livestock feeding, thus increasing the life burden of herdsmen and causing poverty [28,29,30]. Therefore, it is necessary to monitor the green-up date accurately and start rest-grazing at the proper date every year in order to protect the grasslands from grazing interference during the green-up process effectively and also avoid hindering the normal grazing activities for too long a time. Unfortunately, due for the lack of monitoring data of the green-up date, there is still no sufficient reference for adjusting the rest-grazing period.



Many studies have applied remote sensing to the monitoring of green-up dates and other phenological information since the end of the 20th century. Some have calculated the greenness index (GI) based on the near-ground remote sensing data to monitor the green-up date, which was easy to realize and could effectively reflect the changes in the vegetation canopy but was very sensitive to weather conditions and could cause huge deviations in the meantime [31]. In contrast, the satellite-based remote sensing data were more widely used in relevant studies, among which normalized difference vegetation index (NDVI) is the most popular indicator [32,33,34,35,36,37]. Different methods have been used to monitor the green-up date based on NDVI, including the threshold-based method, delayed moving average method, curve fitting method, and other methods [38,39,40]. Each method has its own advantages and disadvantages, for example, the threshold-based method is simple and effective, but such a threshold should be set according to the environment; the delayed moving average method is steadier than the threshold-based method but the accuracy is sensitive to the size of the sliding window; the curve fitting method is convenient and universal but disabled in bare vegetation areas [41,42,43,44]. Recently, in order to avoid the green saturation phenomenon of NDVI, some studies have begun to use the enhanced vegetation index (EVI) together with or instead of NDVI, with the aim of obtaining more accurate results [45,46,47,48,49]. At the same time, with the improvement of research accuracy, those remote sensing images with much higher spatial and temporal resolution are gradually becoming the preferred data source for monitoring the green-up date. As for Xilin Gol Grassland, there is high spatial homogeneity on grasslands, different from other land cover types such as croplands and settlements, and according to our survey, the area of a single pasture of herdsmen is usually more than 25 hm2, in which there is no obvious heterogeneity. Therefore, the remote sensing images with finer temporal resolution but not very fine spatial resolution are suitable enough for monitoring the green-up date there.



So, in this study, we extracted the green-up date of Xilin Gol Grassland from 2000 to 2018 based on MODIS images and analyzed its spatiotemporal variations and inter-annual stability. Meanwhile, we compared the green-up date with the actual rest-grazing period of each county to analyze their differences. The purpose of this study is to provide references for adopting more appropriate policies of rest-grazing so as to promote regional ecological conservation of grasslands and sustainable development of animal husbandry.




2. Materials and Methods


2.1. Study Area


Xilin Gol Grassland is located in the central part of Inner Mongolia and northern border of China, with a total land area of 202,600 km2, 88.60% of which is occupied by grassland. Xilin Gol Grassland is generally under the control of temperate continental climate, and the average temperature generally decreases from more than 4 °C in the west to less than 0 °C in the east (Figure 1a), while the annual precipitation decreases from more than 400 mm in the east to less than 200 mm in the west (Figure 1b). The climate variations decide the spatial distributions of NPP, which was much higher in the east than the west (Figure 1c). As for the grassland types, the east is dominated by meadow grasslands (high vegetation coverage), the west and south are dominated by desert grasslands (low vegetation coverage), and the rest typical grasslands (medium vegetation coverage) (Figure 1d). Different grassland types correspond to different production patterns of animal husbandry, so Xilin Gol Grassland has more diverse grassland management measures than other pastoral areas. Therefore, Xilin Gol Grassland is always regarded as the epitome of animal husbandry development in China and has a very high research value in grassland management.



Xilin Gol Grassland is the major supply base of livestock products in China, which is very important to ensure daily nutrient intake of many Chinese people. At the same time, Xilin Gol Grassland is an extremely vital ecological barrier in Northern China, which plays an important role in maintaining ecological safety [50,51,52]. Xilin Gol Grassland and even Northern China have experienced serious ecological degradation in the past few decades and will still face huge such risk in the future [53,54,55,56]. Therefore, economic-ecological coordination is required in Xilin Gol Grassland, and the local government has adopted rest-grazing since the beginning of the 21st century. Each herdsman will be given a financial subsidy of 112.5 RMB/hm2 per month during the rest-grazing period, and so far, Xilin Gol government has invested about 168 million RMB every year to promote rest-grazing, which has already included about 15 million hm2 pastures.




2.2. Data Preparation


	(1)

	
Climatic data. The data on temperature, precipitation (spatial resolution = 1 km) and solar radiation (spatial resolution = 10 km) were all from the National Earth System Science Data Center [57]. We acquired both the annual and monthly data of China and then extracted them by the mask of Xilin Gol Grassland in ArcGIS;




	(2)

	
NPP. We acquired the 2000~2016 NPP in China from the Earth Databank of Chinese Academy of Sciences [58], with a temporal resolution of 8 days and spatial resolution of 500 m. We calculated the annual average NPP using raster calculator in ArcGIS and also extracted it in Xilin Gol Grassland;




	(3)

	
NDVI, EVI and LSWI. EVI considers the blue band on the basis of infrared and near-infrared bands, which further reduces the noises and the saturation phenomenon of NDVI [45,46,47,48,49]. However, for grasslands whose structure is not as complicated as forests, the saturation phenomenon of NDVI can hardly appear, so both NDVI and EVI are effective indicators for reflecting the monitoring the green-up date of grasslands. In this study, we compared the temporal variations of NDVI and EVI to verify the accuracy of such two time series, based on which we monitored the green-up date. The short-wave infrared band is very sensitive to moisture, whose combination with the near-infrared band generates the Land Surface Water Index (LSWI), an effective reflection of the moisture content of vegetation and soil [59,60]. We selected MODIS (MOD09AI) data from 2000 to 2018, with a temporal resolution of 8 days and spatial resolution of 500 m, and calculated the NDVI, EVI and LSWI of each image (46 images per year). The calculation formula is as follows:








   NDVI =    ρ  NIR   −  ρ  RED      ρ  NIR   +  ρ  RED       










   EVI =   2.5 ×    ρ  NIR   −  ρ  RED        ρ  NIR   + 6  ρ  RED   − 7.5  ρ  BLUE   + 1     










   LSWI =    ρ  NIR   −  ρ  SWIR      ρ  NIR   +  ρ  SWIR       









Specifically, ρNIR, ρRED, ρBLUE and ρSWIR reflect the near-infrared, red, blue and short-wave infrared band, respectively.



	(4)

	
Spatial distributions of grasslands. We selected China’s land cover data in 2000, 2005, 2010, 2013, 2015 and 2018 from the Resources and Environmental Sciences Data Center of Chinese Academy of Sciences [61], with a spatial resolution of one kilometer. We first extracted the grasslands in these years respectively and selected those areas that were always grasslands during this period. Then we use the administrative boundaries of Xilin Gol to extract them in ArcGIS, to acquire the spatial distribution of grasslands in Xilin Gol;




	(5)

	
Surface observation data of green-up date. During our survey in 2019, we obtained a series of surface observation data of green-up dates in seven sites in different years, based on which we verified the green-up date monitored through remote sensing (Table 1). Meanwhile, we also collected the starting date of rest-grazing in each county according to our surveys and relevant policies.








2.3. Extraction, Verification and Analysis of Green-Up Date


2.3.1. Extraction of Green-Up Date


During the grass growth every year, NDVI and EVI both show an increasing trend at first and a decreasing trend after reaching the maximum. Due to the noises such as cloud and atmospheric disturbances, NDVI and EVI usually present a rough fluctuation, which cannot be directly used for the extraction of green-up date. Therefore, we used the Harmonic Analysis of NDVI Time Series (HANTS) method to eliminate the noises and obtain a relatively smooth NDVI and EVI curve (Figure 2a,b). The advantage of this method is that the periodic information can be described more clearly [62,63]. We used HANTS mainly because we needed to extract the NDVI and EVI maximums and their appearing times for later extraction of green-up date, but such information is very hard to extract through a rough fluctuation, while a smooth curve could give such information more clearly and accurately. We took the NDVI and EVI in 2016 as an example. The NDVI maximum appeared a little bit later than EVI maximum, but both of them appeared much later than the latest “LSWI < 0” point (Figure 2a–c). Therefore, the use of NDVI or EVI will acquire the same monitoring results in our paper. The results were similar to other years, and we chose the NDVI or EVI maximum, which appeared earlier as the starting point for searching the green-up date. No matter NDVI and EVI, they play the same role in extracting the green-up date, which was to determine the starting point of searching the green-up date according to the appearing time of their maximums. The LSWI curve finally decided the specific green-up date.



Existing studies have shown that LSWI is almost less than 0 when there is no vegetation growth (especially in winter and early spring) [64,65]. The green-up date is the beginning of grassland growth in a year, so it indicated that LSWI would change from “<0” to “>0”. Before the green-up date, there is no grass growth and LSWI is mostly less than 0, while after the green-up date and during the later growth, LSWI is mostly greater than 0 (Figure 2c). We combined LSWI with the smooth NDVI and EVI curve to extract the green-up date in this study. Specifically, we took the time when NDVI or EVI maximum appeared as the starting point, from which we traced back on the LSWI curve point by point (interval = 8 d) to the time when the earliest “LSWI < 0” point appeared and defined it as the green-up date (Figure 2c). There is no need to acquire a smooth LSWI curve using HANTS to replace the rough one because a smooth LSWI curve could not give the specific appearing time of such earliest “LSWI < 0” point, and we only needed to find such “LSWI < 0” point rather than detect a threshold such as NDVI and EVI.




2.3.2. Verification of Green-Up Date


After extracting the green-up date, we used the surface observation data to verify our results. We calculated the root mean squared error (RMSE) and R2 to assess the accuracy of our results. The calculation formula is as follows:


  RMSE =       ∑   i = 1  n       R i  −  S i     2   n     










   R 2  =       ∑   i = 1  n       R i  −  S a     2      ∑   i = 1  n       S i  −  S a     2       











Specifically, n is the number of samples; Ri indicates the green-up date monitored through remote sensing; Si is the green-up date from surface observation. The RMSE calculation result was 6.8 d, The RMSE of our results was 6.8 d, smaller than the interval of MODIS time series (8 d), and also smaller than those of similar existing studies in Xilin Gol Grassland (8.7~10 d) [32,66]. The R2 was 0.7176 > 0.7, which also indicated that there was a relatively high consistency between the monitoring and surface observation results. Therefore, the green-up date extracted through remote sensing is accurate enough and can effectively reflect the actual conditions of Xilin Gol Grassland in general.




2.3.3. Analysis on the Spatiotemporal Variations of Green-Up Date


The green-up date showed different changing characteristics in different periods, so we use the piecewise linear regression to assess the temporal variations of green-up date from 2000 to 2018 and acquired the slope and p-value to reflect the trend and significance. Moreover, we also calculated the overall slope of each pixel in MATLAB to analyze the spatial variations of changing trend of green-up date.






3. Results and Analysis


3.1. Spatiotemporal Variations of Green-Up Date


As for temporal variations, the average green-up date of Xilin Gol Grassland was fluctuated 2000 to 2018. Specifically, the green-up date showed a delaying trend from 2000 to 2006 and an advancing trend from 2007 to 2010 and fluctuated between 110 d and 140 d after 2010 (Figure 3a). Overall, the green-up date of Xilin Gol Grassland showed an insignificant advance trend and advanced 15 days on average (Figure 3a). We also analyzed the green-up dates of different grassland types, and the results showed that the average green-up date was delayed with the declining vegetation coverage of grasslands. The green-up date of high coverage grasslands was about 127 d, while those of medium- and low-overage grasslands were 130 d and 132 d, respectively (Figure 3b). Moreover, the standard deviation of green-up date was also different among different grassland types, for it was about 11 days in high coverage grasslands, 15 days in medium coverage grasslands, and 21 days in low coverage grasslands, which indicated the differences in stability of green-up date (Figure 3b).



As for spatial variations, the green-up date was earlier in the east but later in the western and central areas of Xilin Gol Grassland. Specifically, the earliest green-up date was before 120 d and appeared near the northeastern borders, mainly in the east of East Ujimqin and West Ujimqin (Figure 3c). The green-up dates of most areas were 120~140 d, which were mostly 120~130 d in eastern areas dominated by high coverage grasslands and 130~140 d in western areas dominated by medium coverage grasslands (Figure 3c). The latest green-up date was 140~150 d and appeared in the central areas, mainly distributed in Xianghuang, southeast of Sonid Left, Abaga and southwest of East Ujimqin where there are more low-coverage grasslands (Figure 3c). The green-up date has advanced in most areas and is delayed in only a few areas of Xilin Gol Grassland, but the advancing or delaying trend was not significant (p > 0.05). specifically, the green-up date has advanced by 8~32 days (more than one week but less than one month) in most areas, 0~8 days (within a week) or delayed in several eastern and southern areas, including Duolun, Zhenglan, Xilinhot and East Ujimqin, and more than 32 d in only a few central and western areas (Figure 3d).




3.2. Stability of Green-Up Date


We further calculated the earliest, latest and coefficient of variation (CV) of green-up dates from 2000 to 2018 in Xilin Gol Grassland. The results showed that the earliest green-up date was mostly before 120 d. Specifically, the earliest green-up date of most western grasslands was 90~100 d (early April), mainly including Erenhot, Sonid Left, Sonid Right, Xianghuang and Abaga, while that of most eastern grasslands was after 110 d, mainly including West Ujimqin, Zhenglan, Taibus, Duolun and the east of East Ujimqin (Figure 4a). In general, the earliest green-up date was gradually delayed from the northwest to the southeast. The latest green-up date, however, advanced from west to east, for it was after 170 d in most western grasslands but about 150~170 d in most eastern grasslands (Figure 4b). Therefore, the fluctuation of the green-up date in the west was larger than that in the east of Xilin Gol Grassland, which can also be confirmed through the CV results. The CV of green-up date was mostly less than 0.15 in eastern grasslands, mainly including East Ujimqin, West Ujimqin, Xilinhot, Zhenglan, Zhengxiangbai and Duolun, while that of most western grasslands was greater than 0.15, mainly including Erenhot, Sonid Left, Sonid Right and Abaga (Figure 4c). Moreover, we discovered that the spatial distributions of the CV of green-up date were very similar to the annual precipitation, which decreases gradually from the east to the west (Figure 1b). The CV of the green-up date also showed a significant negative correlation with the annual precipitation (Figure 4d). These results indicated that the green-up date became more unstable generally with the decreasing annual precipitation in Xilin Gol Grassland, so there were more variations in green-up dates in the arid areas.




3.3. Discrepancies between Green-Up Process and Rest-Grazing Period


According to the current policies of Xilin Gol Grassland, rest-grazing starts at 90 d (1 April) in the southern counties (Xianghuang, Zhengxiangbai, Taibus, Zhenglan and Duolun), at 95 d (5 April) in central and western counties (Erenhot, Xilinhot, Abaga, Sonid Right and Sonid Left), and at 100 d (10 April) in northeastern counties (East Ujimqin and West Ujimqin). Rest-grazing period lasts for 45 days every year, and the green-up process usually has a similar length as well. We compared the annual green-up dates of each county with the rest-grazing periods. The results showed that rest-grazing started much earlier than the green-up date in most years and also ended before the green-up date in several years in each county. Specifically, there was only one year in East Ujimqin and West Ujimqin when rest-grazing ended before the green-up date (Figure 5). In central and western counties, there were 5~8 years when rest-grazing ended before the green-up date (Figure 5). In southern counties, however, rest-grazing ended before the green-up date in most years, for there were only 3~5 years when the green-up date appeared during the rest-grazing period (Figure 5). Even among the rest of the green-up date records, there were only four records appearing less than 7 days after the rest-grazing started, including Sonid Right in 2018, East Ujimqin in 2010 and Erenhot in 2001 and 2018, while in other years there was a too short time of rest-grazing (less than 38 days) left after the green-up date (Figure 5). The above results showed that starting rest-grazing too early was a common phenomenon in Xilin Gol Grassland, which was much more obvious in southern counties.



We further compared the average green-up date with the rest-grazing date, and the results once again showed the phenomenon of too early rest-grazing. The rest-grazing started after the green-up date in only a few grasslands, which were distributed in the northeast of East Ujimqin and occupied 1.64% of Xilin Gol Grassland (Figure 6a,b). In all the other areas, the green-up dates all appeared after the rest-grazing started. Specifically, the rest-grazing mainly started less than 15 days before the green-up date in the east of East Ujimqin and West Ujimqin, occupying 8.16% of Xilin Gol Grassland (Figure 6a,b). The rest-grazing started 15~30 days or 30~45 days before the green-up date in most areas of central and western counties and some areas of southern counties, which were the two major groups and occupied 40.53% and 44.04% respectively (Figure 6a,b). In the southern counties, there were also some areas occupying 5.64% of Xilin Gol Grassland where the rest-grazing started more than 45 days before the green-up date, which means the green-up date appeared after the rest-grazing period had ended (Figure 6a,b). The discrepancy between the green-up date and the rest-grazing date caused that there must be several days during the green-up process when grazing was not prohibited. We calculated the average grazing days during the green-up process in each group. The grazing days were 17 in such areas where rest-grazing started later than the green-up date (Figure 6c). In the other areas where rest-grazing started before the green-up date, the grazing days were 10, 23, 36 and 45 in such areas where the gaps between the two dates were 0~15, 15~30, 30~45 and >45, respectively (Figure 6c). The grazing days during the green-up process increased gradually with the widening gap between the green-up date and rest-grazing date, which also means the increasing ecological pressure on the grasslands.





4. Discussion


4.1. Monitor the Changes of Green-Up Date and Climate Driving Forces


The green-up date had obvious temporal and spatial variations in Xilin Gol Grassland because it was greatly affected by climate driving forces. Precipitation is probably the most important influence factor on the green-up date because Xilin Gol Grassland mostly belongs to the semi-arid areas where precipitation is the main limitation for vegetation growth [67,68]. The annual precipitation in Xilin Gol Grassland has shown a significant increasing trend during 2000~2018, which could result in the advance of the green-up date (Figure 7a). Compared with precipitation, temperature is not the dominant influence factor in the semi-arid areas, but the increase in temperature will cause the accumulated temperature threshold for green-up to arrive more quickly, thus also resulting in the advance of the green-up date. Many existing studies have shown that there has been a warming trend in Northern China in recent years [69,70,71,72], and the temperature in Xilin Gol Grassland has also experienced an increase that was not significant (Figure 7b). In contrast, the influence of solar radiation on the green-up date was limited because it mainly affected the later grassland growth after the green-up period through photosynthesis but cannot affect the arrival of the green-up date obviously [73,74,75]. There were also little variations in the solar radiation of Xilin Gol Grassland during 2000~2018 (Figure 7c). Because the green-up dates were mostly in May, considering the hysteretic effect of climate, we further analyzed the correlation between green-up dates and precipitation, temperature and solar radiation in April. We found that only April precipitation had a significant negative correlation with the green-up date, while temperature and solar radiation did not (Figure 7d–f). The spatial distributions showed similar results again, for only the precipitation in April had a relatively strong correlation with the green-up date, and its spatial distribution characteristics were also similar to the green-up date (Figure 7g). In contrast, the spatial distributions of temperature and solar radiation were different from the green-up date, and also showed a very weak correlation (Figure 7h,i). This means that the precipitation in April could have a key impact on the green-up date, which has also been confirmed in other studies [76,77,78]. Additionally, according to our survey results, the first sufficient rain in spring usually indicated the green-up date was coming soon, and such rain usually occurred in April. Therefore, the increased precipitation in April could increase the moisture accumulation and then probably bring a huge advance on the green-up date.



Moreover, as the major water source, the higher precipitation usually brings an increase in NPP and vegetation coverage of grasslands. The grassland ecosystems with higher precipitation and NPP also have more intact structures and stronger resilience, which can keep the green-up date more stable under climate variations. Therefore, there was no obvious fluctuation in the green-up date caused by climate variations in such areas, and this is also an important reason why the green-up date was more stable in the east than that in the west of Xilin Gol Grassland [79,80]. In summary, climate variations largely affect the green-up date, so the local government should strengthen the monitoring of the green-up date and also climate driving forces (temperature and precipitation) is timely in the future in order to make up for the lack of monitoring data and provide accurate guidance for grassland management.




4.2. Optimize Rest-Grazing Period to Avoid Starting Rest-Grazing Too Early


As a main grassland management policy, rest-grazing is aimed at protecting vegetation growth from grazing disturbances during the green-up period, and existing studies have already shown that rest-grazing can bring huge improvements in biomass increase, carbon storage, water content, biodiversity conservation and other important ecosystem services [8,10,11,16]. However, such ecological benefits will be limited unless the green-up process is totally covered by the rest-grazing period. According to the introduction of local governors and experts in Xilin Gol Grassland, rest-grazing should start within one week before the green-up date in order to protect the green-up process from grazing disturbances effectively, and meanwhile also not to occupy too much time for grazing.



The results above showed that the green-up date was constantly fluctuating, especially in the arid areas with less precipitation, where the green-up date was much more unstable. However, rest-grazing always started on a fixed date and lasted for fixed days every year, which will inevitably lead to non-correspondence between the two. Starting rest-grazing too early is a common phenomenon in Xilin Gol Grassland, especially in southern counties, which can easily cause the green-up date to fall behind the rest-grazing period. Even if the green-up date is covered by a rest-grazing period, it may leave only a little time for rest-grazing after the green-up date and waste too much time for grazing before the green-up date. As a result, the ecological pressure on grasslands cannot be relieved effectively, and meanwhile, herdsmen are compelled to take substitute measures instead of grazing, among which house feeding is the most widely used according to our survey. House feeding, however, requires huge forage purchase and storage, livestock sheds and necessary supporting facilities, which raise the economic and labor costs and increase the life burden of herdsmen [28,29,30]. Therefore, too early rest-grazing will bring much unsustainability to the economic-ecological system on grasslands.



Starting rest-grazing too early essentially lies in the discrepancy between the green-up process and the rest-grazing period. In the future, the rest-grazing period should be adjusted dynamically based on the monitoring of the green-up date rather than fixed, so as to reduce the life burden of herdsmen brought by rest-grazing as much as possible on the premise of ecological conservation. In addition, the rest-grazing policies also include financial subsidies, education, supervision, reward or punishment and so on [81,82,83]. Therefore, based on the monitoring of the green-up date, the relevant policies must also consider the above socio-economic factors so as to adapt to the geographical and social backgrounds, thus having the greatest effectiveness in ecological conservation and animal husbandry development.





5. Conclusions


In this study, we extracted the annual green-up date of Xilin Gol Grassland from 2000 to 2018 based on MODIS images, and then analyzed the spatiotemporal variations and stability of the green-up date. At the same time, we also compared the green-up date with the rest of the grazing period. The results showed that the overall green-up date has advanced from 2000 to 2018, which was earlier in the east and west but later in the central areas of Xilin Gol Grassland. Moreover, the CV of the green-up date showed a significant negative correlation with precipitation, so the green-up date was more stable in humidity than in arid areas. In addition, the rest-grazing period has failed to cover the green-up date in many years, and the average green-up date was much later than the rest-grazing date in most areas, which reflected that starting rest-grazing too early was a common phenomenon in Xilin Gol Grassland. In the future, the local government should strengthen the monitoring of green-up dates so as to accurately grasp the changes in green-up dates in time and provide references for starting rest-grazing at the proper date and optimize relevant policies, thus promoting both ecological conservation of grasslands and sustainable development of animal husbandry.
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Figure 1. (a) The average temperature, (b) annual precipitation, (c) NPP and (d) vegetation coverage in Xilin Gol Grassland. 
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Figure 2. (a) Temporal variations of (a) NDVI (both original and after HANTS), (b) EVI (both original and after HANTS) and (c) LSWI. 
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Figure 3. (a) Temporal variations of green-up date; (b) green-up date of different grassland types; (c) spatial variations and (d) the changing slope of green-up date in Xilin Gol grassland from 2000 to 2018. 
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Figure 4. The (a) earliest, (b) latest and (c) CV of green-up date in Xilin Gol grassland; (d) correlation between annual precipitation and the CV of green-up date. 
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Figure 5. Comparison between annual green-up date and rest-grazing period in each county. 
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Figure 6. (a) Spatial distributions of the gap between green-up date and rest-grazing date; (b) area proportions of grasslands with different gaps between the two dates; (c) grazing days during the green-up process in the grasslands with different gaps between the two dates. 
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Figure 7. (a) Temporal variations of (a) precipitation, (b) temperature and (c) solar radiation; correlation between the (d) precipitation, (e) temperature and (f) solar radiation in April with the green-up date; spatial variations of (g) precipitation, (h) temperature and (i) solar radiation in April in Xilin Gol Grassland. 






Figure 7. (a) Temporal variations of (a) precipitation, (b) temperature and (c) solar radiation; correlation between the (d) precipitation, (e) temperature and (f) solar radiation in April with the green-up date; spatial variations of (g) precipitation, (h) temperature and (i) solar radiation in April in Xilin Gol Grassland.
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Table 1. The specific times and geographical locations of surface observation data.
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	Surface Observation Sites
	Longitudes
	Latitudes
	Years





	Xilinhot
	116°12′
	43°57′
	2015, 2016, 2017, 2018



	East Ujimqin
	116°58′
	45°27′
	2016, 2017



	West Ujimqin
	117°56′
	44°40′
	2016, 2017



	Zhenglan
	115°51′
	42°33′
	2003, 2004, 2005, 2006,

2007, 2008, 2016, 2017



	Abaga
	114°49′
	44°15′
	2016, 2017



	Sonid Right
	112°42′
	42°47′
	2016, 2017



	Taibus
	115°20′
	41°52′
	2016, 2017
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