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Abstract

:

Under the background of climate warming, the increase in the frequency and severity of drought leads to vegetation facing severe challenges. A comprehensive and systematic assessment of the stability of vegetation under drought stress in the middle reaches of Yellow River basin (MRYRB) will help to grasp the characteristics of vegetation response to drought. In this study, the normalized difference vegetation index (NDVI) was used to achieve quantitative and qualitative assessments of vegetation stability to drought, and the smoothed monthly standardized precipitation evapotranspiration index (SPEI) was used to describe the characteristics of drought events in 2005/2006 and identified vegetation stability parameters using a standardized anomaly of NDVI across space, which included the resistance duration, resilience duration, drought threshold, and lag time. Vegetation was dominated by less resistance and less resilience. The 2005/2006 drought event affected most of the study area, and vegetation growth was inhibited. The duration of vegetation resistance over 100 days accounted for 65.7%, and vegetation in 89.4% of the regions could return to normal within 100 days. The drought threshold of vegetation gradually decreased from northwest to southeast, and the lag time was mainly concentrated from 1 to 3 months. These findings contribute to a better understanding of the effects of drought on the environment, as well as scientific references for reducing ecological, economic, and social losses in future droughts, and promoting ecological environmental governance and high-quality development in the MRYRB.
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1. Introduction


Drought is a complex phenomenon that is the most destructive of all natural hazards and can lead to serious ecological hazards [1,2,3]. Increased water stress will lead to more frequent and severe droughts in semi-arid regions. Vegetation provides a wide range of ecosystem services that are essential for maintaining biodiversity, and a range of evidence suggests that increased CO2 concentrations result in vegetation gains and increased leaf area index [4], and improved water use efficiency [5]. However, drought may reduce this benefit. Most studies have shown that drought has a significant negative effect on vegetation growth, when the water stress triggered by reduced precipitation cannot meet the transpiration demand of vegetation. Within a certain threshold, vegetation structure and function are changed and growth is inhibited; when crossing an ecological response threshold, vegetation will die and be replaced by other species, resulting in a secondary succession of vegetation [6,7]. Additionally, in the context of global warming, evapotranspiration increases [8], vegetation transpiration is accelerated, and the negative effects of regional drought on vegetation may be amplified [9,10].



As the rate of climate change is slow relative to vegetation evolution, there is an urgent need to assess its stability for further maintenance of vegetation productivity under future climate states [11]. Vegetation stability assessment, including resistance and resilience, quantifies the direct effects of drought on vegetation and is an important indicator of the ability of vegetation to withstand drought risk [12]. Resistance is defined as the ability of vegetation to maintain its basic structure, processes, and functions under stress, disturbance, or species invasion, whereas resilience is defined as the ability of vegetation to self-regulate until it returns to normal after being subjected to external disturbance. After disturbance, vegetation responds to the external environment by regulating its own resilience, however, frequent drought disturbances reduce vegetation stability, accelerate environmental changes, and deplete vegetation’s ability to resist and overcome risks [13]. Vegetation resistance and resilience are closely related to vegetation type and attributes associated with drought stress [14,15]. Analyses of vegetation stability often include quantitative estimates of vegetation characteristics based on climatic anomalies. Huang et al. [16] quantified the temporal stability of biomes on a global scale based on a satellite-derived vegetation index, and demonstrated that evergreen broadleaf forests have a higher resistance to drought risk; Li et al. [17] used a vegetation standardized ring width index to compare gymnosperms and angiosperms, and found that gymnosperms had reduced resistance, increased resilience, and increased sensitivity to drought. However, they ignored the potential problem that previous studies have often failed to consider the effect of the degree of disturbance due to water stress, which could lead to a possible underestimation of the resilience of disturbed vegetation. There are also unresolved issues, such as the adaptive water uptake strategy to resist (or adapt to different) drought conditions, how long vegetation’s resistance to drought risk is maintained, and the resilience duration after drought.



Not all droughts have the same effects, and previous studies have shown that vegetation responses to drought are spatially heterogeneous and species-specific [18], the severity and duration of droughts can vary, as can the impact on vegetation [19]. The physiological mechanisms behind the drought response of vegetation are well understood, but quantitative descriptions are lacking at the regional scale. Moreover, little is known about the threshold of vegetation response to drought, and the extent to which drought can have a serious impact on vegetation is an issue that needs to be addressed. Therefore, it is crucial to effectively assess the degree of vegetation response to different characteristics of drought disturbances, to improve vegetation stability, and to determine the potential of vegetation to cope with drought events [17].



In arid and semi-arid regions of the middle reaches of Yellow River basin (MRYRB), vegetation has high sensitivity and vulnerability to drought. Subject to the innate natural conditions, the region has developed toward a warm-dry trend in recent decades and is highly susceptible to drought, with winter and spring being the high drought periods and drought frequency as high as 75% [8]. The frequency of moderate and severe drought is as high as 80%, and extreme drought also occurs from time to time [20]. The increasing dryness and disconnection of rivers due to drought has accelerated the land desertification and vegetation degradation in the study area. Based on this, it is necessary to systematically assess the effects of drought on vegetation in the MRYRB and provide important information for mitigating the effects of drought on vegetation productivity. According to the Bulletin of Flood and Drought Disaster in China and Yellow River Water Resources Bulletin, the annual precipitation in the MRYRB of 2005/2006 was lower than the multi-year average, and the proportion of drought-damaged cropland area was higher, which adversely affected vegetation growth.



In this study, we assessed the stability of the vegetation in the study area, a monitored drought event during June 2005–August 2006, based on the smoothed standardized precipitation evapotranspiration index (SPEI), and used the standardized anomaly normalized difference vegetation index (NDVI) to spatially identify the stability parameters, including resistance duration, and resilience duration. In particular, we define drought threshold and lag time, and include them as stability parameters. The goal of this study is therefore to address the following questions: (1) How is vegetation stability distributed in the study area? (2) What is the threshold and lag time for drought to have a severe impact on vegetation during the drought event? (3) How do drought characteristics and vegetation types affect the resistance duration and resilience duration?




2. Materials and Methods


2.1. Study Area


The MRYRB is located in the section of the Yellow River between Hekou Town, Toketo County, Inner Mongolia and Taohuayu, Zhengzhou, Henan Province, which ranges from 32° N to 42° N and 104° E to 112° E, with a length of about 126.04 km and a total area of about 3.44 × 105 km2, accounting for 43.3% of the area of the Yellow River basin (Figure 1). The region covers many highly populated areas in six provincial administrative regions (Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan). The MRYRB flows through the core area of the Loess Plateau where precipitation is low and spatial and temporal distribution is uneven. The annual precipitation is between 300 mm and 800 mm, mostly concentrated in June–September, accounting for more than 60% of the whole year. Heavy rainfall concentration is coupled with special loess soil, where erosion resistance is weak, making the study area one of the most serious soil erosion areas in the world. The study area is in a semi-arid zone with strong evaporation and an annual evaporation of 1284.7 mm [21]. The excessive evaporation capacity makes the MRYRB highly susceptible to drought. Related studies show that a longer, more extensive and more severe drought will occur in the MRYRB [22,23].




2.2. Data Sources and Processing


2.2.1. Normalized Difference Vegetation Index


This study uses two types of NDVI datasets: the Système Pour l’Observation de la Terre VEGETATION NDVI (SPOT-NDVI) dataset covers the period from January 2000 to May 2014, which is derived from atmospherically corrected surface reflectance data using pair-band synthesis techniques. In this study, the S10 product was used, and the international maximum synthesis method was used to synthesize the 10-day data. The data are converted to a true value by the following formula:


  N D V I = a × D N + b  



(1)




where,   D N   is the digital value,  a  and  b  values are 0.004 and −0.1, respectively.



The Project for the Onboard Autonomy-Vegetation NDVI (PROBA-NDVI) dataset covers the period from June 2014 to December 2018. As a continuation of the SPOT-Vegetation mission, its spectral range is roughly the same as that of the SPOT series of vegetation sensors [24]. A reference quality assessment of the PROBA-NDVI product was performed by the Flemish Institute of Technology (Vito, Belgium) and showed no significant systematic deviations between SPOT-NDVI and PROBA-NDVI, and can be used to jointly monitor vegetation dynamics [25]. The DN values are converted to the corresponding standard NDVI values by the following formula:


  P V = ( D N − O F F S E T ) / S C A L E  



(2)




where,   P V   is the physical value and   D N   is the digital value. For Proba-NDVI, the   O F F S E T   and   S C A L E   values are 20 and 250, respectively.



The above two datasets were obtained with a temporal resolution of 10 days and a spatial resolution of 1 km from the European Space Agency (http://www.vito-eodata.be/ (accessed on 10 March 2022)).




2.2.2. Standardized Precipitation Evapotranspiration Index


The start, end, duration, and severity of drought events in the MRYRB were identified using the 1-month SPEI in this study. The SPEI at the temporal of the 1-month dataset (SPEIbase v2.6) was accessed from the Consejo Superior de Investigaciones Científicas (CSIC) (http://digital.csic.es/handle/10261/153475 (accessed on 5 March 2022)), which has 0.5° spatial resolution and a monthly time step temporal resolution, and its coverage is between January 2000 and December 2018. The calculation of the PET in the SPEI dataset is based on the FAO-56 Penman-Monteith method [26]. The reliability of this dataset has been confirmed and has been widely used in related research [27,28]. SPEI data were interpolated to 1 km using the inverse distance weight (IDW) method of ArcGIS 10.4 to match the spatial resolution of NDVI, which is an efficient and intuitive method for spatial analysis [29].




2.2.3. Land Cover Data


Land cover data with a spatial resolution of 1 km for 2018 were obtained from the Resource and Environment Science and Data Center (http://www.resdc.cn (accessed on 10 March 2022)). This dataset is generated by remote sensing images with a manual visual interpretation method. The quality has been controlled and integration has been checked [30]. In this study, six level I categories were reclassified as forest, grassland, cropland, water body, urban area, and others. We considered three major land cover groups, including forest (20%), grassland (35%) and cropland (37%). The spatial distribution of land cover types is shown in Figure 1.





2.3. Method


2.3.1. Resistance and Resilience


NDVI is one of the most widely used indexes to reflect the state of vegetation, and therefore can be a good indicator of the resistance and resilience of vegetation to drought events [31]. Resistance ( Ω ) and resilience ( Δ ) are the widely used methods for describing the stability of vegetation, which can be calculated by the following formula [31]:


  Ω =      Y n   ¯     |   Y e  −    Y n   ¯   |     



(3)






  Δ =    Y d     Y m     



(4)




where,      Y n   ¯    represents normal conditions, which means NDVI without drought (SPEI > −0.5),    Y e    represents the occurrence of drought,    Y d    represents NDVI in the driest period (SPEI reached the lowest value during the study years),    Y m    represents the mean value calculated over the period of 2000–2018. Both indicators are unitless and can be used for comparison between different vegetation types [31]. Classification of vegetation resistance and resilience in the MRYRB is based on Natural Breaks (Jenks) [32] (Table 1).




2.3.2. Standardized Anomaly


The effectiveness and variability of NDVI in regional vegetation drought stress monitoring was further analyzed by calculating the standardized anomalies of the vegetation index with the following formula [33]:


  S A ( i , j ) =   V I ( i , j ) −   V I ( i , j )  ¯    S T D (   V I ( i , j )  ¯  )    



(5)




where,   S A ( i , j )   is the standardized anomaly of NDVI;   V I ( i , j )   is the value of NDVI at the ith grid for the jth month during the drought event,     V I ( i , j )  ¯    is the mean value of NDVI at the ith grid for the jth month during the reference period (2000–2018),   S T D (   V I ( i , j )  ¯  )   is the standard deviation of the index at ith grid for the jth month over the reference period.




2.3.3. Identification of the Drought Characterization at Grid Cell Level


The SPEI is smoothed for a three-month running average to avoid unreasonable interruptions in long continuous dry periods due to a single wet month [34]. Here, the smoothed SPEI is used for identifying the start and end times of drought events. Then, the characteristics of drought event can be described by the characteristics as Figure 2a. The formulas for calculating drought duration (DD) and drought severity (DS) are as follows [34]:


  D D =  D α  −  D β   



(6)






  D S =   ∑  i =  D α     D β     S P E  I i     



(7)




where,    D α    represents the drought start time, which is defined as the first month with SPEI below the threshold,    D β    represents the drought end time, which is defined as SPEI above the threshold for the first month,   S P E  I i    is the SPEI value of the ith month during the drought event. Following grades of meteorological drought in the National Standards of the People’s Republic of China and related study [35], the threshold is set at −0.5. The smaller the value of SPEI, the greater the corresponding drought severity by the calculation principle of SPEI.




2.3.4. Identification of the Vegetation Stability Parameters at Grid Cell Level


In order to reflect the short-term effect of drought on vegetation, this study used NDVI with a 10-day scale after standardized anomaly processing (SANDVI) to monitor the vegetation stability parameters. The stability of vegetation during typical drought events will be evaluated in terms of resistance duration, resilience duration, drought threshold and lag time. The resistance duration (RD1) and resilience duration (RD2) are calculated as follows [15,34]:


  R  D 1  =  T β  −  T α   



(8)






  R  D 2  =  T γ  −  T β   



(9)




where,    T α    represents the damaged time, the first time of the SANDVI less than the threshold (−0.5) [34], which means drought is starting to negatively impact vegetation.    T β    represents the most damaged time, which was defined as the day when SANDVI reached the minimum value during drought events,    T γ    represents the recovery time, the first time when SANDVI changed from −0.5 to above −0.5, which means vegetation is relieved from the drought (Figure 2b).



The definition of drought threshold and lag time when vegetation is damaged in this study is shown in Figure 2c–e, where the standardized anomaly of NDVI is less than the threshold, which means that drought has a serious negative impact on vegetation, and considering the cumulative effect of drought [36], the corresponding SPEI value and accumulated value from a few months ago is defined as the drought threshold. Here we set the threshold of SANDVI at −1.5 because it effectively captures the extreme anomaly in the 2005/2006 drought event. With this threshold of −1.5, we found that SANDVI was above that level for more than 95% of the grids in this region. The lower the drought threshold, the stronger the ability of vegetation to resist risks. Because of the legacy of drought, vegetation growth could be more affected by previous drought conditions, and there is a lag time between vegetation and drought [37].






3. Results


3.1. Qualitative Description of Vegetation Stability


Higher resistance and resilience can effectively resist the negative effects of drought on vegetation. The vegetation resistance in the study area is generally less, but the resilience is fair. Most of the areas have less resistance and resilience and show large spatial differences (Figure 3). Spatial differences existed in the distribution of vegetation resistance, showing more in the southeast and less in the northwest. 78.9% of the regions had less vegetation resistance (resistance < 10), and only 11.7% of the regions had more resistance (resistance > 14), which were mainly concentrated in the southeast of the study area (Figure 3a). Similar to the spatial distribution pattern of resistance, the overall vegetation resilience showed an increasing trend from southeast to northwest. The vegetation was dominated by less (resilience < 0.8) and fair (0.8 < resilience < 1.2) resilience, accounting for 41.6% and 58.9% of the area, respectively (Figure 3b). In central Shaanxi, northwestern Henan, and parts of Shanxi, vegetation had more resistance and fair resilience, and had a strong ability to cope with drought events. In most areas of the northwestern part of the study area, the vegetation resistance and resilience were less, and the occurrence of drought events caused great damage to vegetation in these areas. In the south and east of the MRYRB, the cropland and forest interlaced belts had more resistance and fair resilience. Very few areas existed with less resistance to drought, but more resilience (Figure 3c).




3.2. The Characteristics of the 2005/2006 Drought Event


The drought events in 2005/2006 were mainly composed of summer droughts and winter–spring droughts, which affected most of the study area. There is a large spatial variation in the drought characteristics identified by the smoothed SPEI, including the start time, end time, drought duration, and drought severity (Figure 4). As Figure 4a,b show, this drought event started in the north of Shaanxi and Shanxi in June 2005, and gradually expanded and finally reached the south of the study area in the winter of 2005. 57.5% of the area started to become dry in June–July 2005, and 41.3% of the area started to become dry in November–December 2005. The drought event first faded in the middle of Shaanxi and Shanxi before the winter of 2005, however, most of the southern part of the MRYRB was released from the drought after January 2006.



The drought duration and drought severity have similar spatial distribution patterns. The drought duration was more than 3 months in 25.3% of the regions, which was mainly distributed in the northwest, lasting only one month in 28.4% of the regions. The drought that lasted for 2 months accounted for the largest proportion of the regions, as high as 37.9%. The drought severity in 24.9% of the areas was less than −3.5, of which the severity of drought was less than −6.3, accounting for 7.7% of the area, and the area with a severity greater than −0.7, accounting for 15.5% of the area. The longer drought duration and extreme drought severity in the northwest part of the study area contrasted with a lighter drought in the south with a shorter duration and reduced severity.




3.3. Spatial Distribution of Vegetation Stability Parameters


Spatial heterogeneity in relation to vegetation during drought events (Figure 5). In the 2005/2006 drought event, drought began to negatively affect vegetation earlier in the south; vegetation in areas such as the Guanzhong Plain was damaged as early as June 2005, whereas in the northern part of the study area, such as Inner Mongolia, and northern Shaanxi, the vegetation began to have a negative affection in January 2006. Vegetation in 97.7% of the regions had negative anomalies in 2005, and only 2.3% of the regions had negative anomalies until 2006 (Figure 5a). Vegetation vitality in the northwest mainly recovered from September to October 2005, whereas the northeast region mainly recovered from March to May 2006, and the recovery time of vegetation was predominantly in 2006. The areas with recovery time after June 2006 were mainly concentrated in southeast Ningxia (Figure 5b). The vegetation resistance duration was more than 100 days in 65.7% of the area, and 9.5% of the area was more than 200 days, mainly distributed in the southeastern part of the study area (Figure 5c). The resilience duration was longer in the north, and 89.4% of vegetation could return to normal within 100 days, but 0.4% of the vegetation needed more than 6 months to return to normal (Figure 5d).



In the northern part of the study area, the vegetation damaged time was mainly from November 2005 to January 2006, and the recovery time was concentrated from March to May 2006. The resistance duration and resilience duration were mostly about 60 days and 100 days, respectively. Although vegetation in the southern part of the study area was damaged earlier, it had a longer resistance duration to drought and the early water stress had little effect on vegetation in the area. Parts of Gansu and Shaanxi provinces close to Gansu had a closer damaged time and recovery time, so the resistance and resilience durations in these areas was short. At the intersection of the three provinces of Ningxia, Shaanxi and Gansu, evidenced by a longer duration and extreme severity, which makes the damaged time in this area early, the recovery time is late, and the duration of resistance and resilience is longer.



The lower the drought threshold, the stronger the stability of vegetation. The drought event substantially damaged vegetation productivity, as shown in Figure 5e: over 70% of the vegetation experienced significant negative anomalies. The average value of the drought threshold in the MRYRB was −2.62, the upper threshold was −7.12, and the lower threshold was −0.51 during the drought event. The drought threshold gradually decreased from northwest to southeast, and it was less than −3 accounted for 34.1% of the area, which was mainly distributed in the southeast of the study area. The areas where drought has little effect on vegetation are mostly densely forested, and the areas where forest is not affected amount to 23.2%, indicating that the forest was rarely affected by short-term and less-severe droughts. At the junction of northern Shaanxi and Inner Mongolia, the drought threshold is the lowest, mostly concentrated above −4.9.



Analysis shows that drought has a lagging effect on most parts of the MRYRB (Figure 5f). Consistent with previous studies [38,39], the lagged months were mainly observed at short time scales (1–3 months), and the area percentage with a 3-month lag was the maximum (59.9%), followed by a 2-month lag (14.7%). These two lag time scales are widely distributed in the MRYRB, concentrated in the central and northeastern parts of the study area. The lag time of 6 months or more accounted for 12.7% of the region, mainly in the junction of Shaanxi and Gansu.





4. Discussion


4.1. Impact of Drought Characteristics on Stability


Vegetation resistance duration during drought and resilience duration after drought are closely related to the degree of drought damage [40,41]. In the process of increasing drought severity, the vegetation resistance duration and resilience duration fluctuated greatly, but in general, the resistance duration showed a downward trend. Contrastingly, the resilience duration showed an upward trend, and with the increase in drought duration, the resistance duration of vegetation is trending down, and the resilience duration is trending up (Figure 6).



It is generally believed that the increase in the duration and severity of drought weakens the ability of vegetation to be resistant and resilient during a drought event, which was a strong linear predictor for vegetation stability [6]. While in the initial stage of drought, the vegetation-related capacity does not decrease immediately, but fluctuates. Contrastingly, during the drought stress and vegetation response phases, a decrease in precipitation leads to a decrease in soil moisture, which is usually accompanied by an increase in temperature and evapotranspiration demand from the atmosphere, which together lead to vegetation water stress. Evaporation will decrease, reducing the rate at which moisture in the soil falls [40,42]. Contrastingly, the vegetation itself will change under climate change scenarios, especially under the warm-dry climate area. Vegetation has a certain adaptability to the environment [43], and within the damaged threshold, vegetation can improve its resistance to risk by adjusting its physiological structure with the deepening of drought severity. Especially in areas with high vegetation coverage, where the leaf area on the ground surface is large and the root system is deep, the developed root system can increase the ability of vegetation to adapt to drought and stabilize water storage under water stress conditions. This function is an important mechanism for the active adaptation of vegetation to climate change [44]. Therefore, in the process of vegetation gradually adapting to the environment, the resistance duration fluctuated or even increased with the increase in drought severity (Figure 6a). After reaching a certain level, the resistance duration decreased steadily. There was a strong negative correlation between drought duration and resistance duration, and vegetation resistance duration decreased gradually with the extension of drought duration (Figure 6b). The recovery of vegetation root function after drought depends on the severity and duration of the drought, as well as the degree of root damage and death. Effective precipitation is a sign of the end of a drought event, which is the fraction of natural precipitation that actually replenishes soil moisture to the root layer of vegetation [45]. Dry-rewetting events can reduce the natural loss of vegetation after the drought ends. Suitable precipitation causes a burst of decomposition and N- and C-mineralization, which enables vegetation to rapidly develop nutrient resources after drought release, speeding up recovery [41]. However, the factors affecting vegetation stability parameters are not only drought characteristics. Some areas in the southern part of the study area have a shorter drought duration but a longer vegetation resistance duration. This situation may occur because of: (1) the time-lag effect of drought; (2) the cumulative effect of NDVI; (3) other elements that inhibit vegetation growth, high temperature heat wave, low temperature, pests and diseases, etc. [36,46].




4.2. Divergent Stability in Different Vegetation Types


The resistance duration of vegetation to drought in most areas of the MRYRB is within 150 days, and it can return to normal within 100 days after drought (Figure 7a,b). Some cropland with a higher resistance duration than forest and grassland existed; grassland had the shortest resistance duration, but the longest resilience duration. However, cropland had the shortest resilience duration. The drought threshold was most influenced by drought characteristics, showing a strong positive relationship with drought severity and a strong negative relationship with drought duration, among which, grassland showed the most obvious performance on this relationship. However, the least influenced by drought characteristics was the lag time. Drought severity showed a significant positive correlation with resistance duration and a significant negative correlation with resilience duration, whereas drought duration was the opposite, with cropland showing the most pronounced performance for this relationship. Overall, the response characteristics of forest to drought were weaker than those of grassland and cropland (Figure 7c).



Effective precipitation and suitable temperature are the primary factors for vegetation to restore its ecological function [47,48], but it also has a great relationship with its own physiological structure. Resistance duration and resilience duration differed significantly between vegetation types, possibly due to differences in the ability of different vegetation types to structurally and physiologically adjust to drought cycles [49,50], as a result, the response duration of vegetation to dry and wet changes is different [51]. Vegetation relies on soil moisture to obtain water for photosynthesis, further controlling the stem-water dynamics, stomatal regulation and transpiration losses [52]. It is well known that cropland is easily affected by the profit and loss of precipitation, especially in the early stage of crop growth and development. Severe drought greatly reduces the vegetation index of cropland [53], however, agricultural management measures such as irrigation and fertilization can alleviate this harm to a certain extent [54]. The duration of its resistance to drought was higher than that of natural forest and grass, and the resistance duration of 29.1% of the cropland was more than 5 months (Figure 7a). At the same time, once the effective water replenishment arrives, the crops can quickly absorb the shallow soil moisture, and the resilience duration is also shorter than the other two vegetation types.



Among natural vegetation, forest benefit from strong root systems and well-developed tree canopies, and the resistance duration to drought is slightly longer than that of grasslands. Under water stress, forest will later turn to extract deep-water sources from continuous outcrops and the subcutaneous zone [55,56] in the wet season with higher terrestrial water storage, and has a greater ability to regulate stomatal openness and maintain basic metabolism. However, forest takes longer to recover vegetation greenness when the drought fades away through carbohydrate accumulation and water replenishment. Despite grassland relying mostly on shallow soil moisture, tolerating the dry periods, it has neither a strong root system nor few artificial intervention measures, and the structure is relatively simple. Therefore, the duration of resistance is the shortest, until sufficient effective precipitation is produced, and the grassland begins to gradually recover from the drought. In contrast, the duration resilience of grassland was longer than other types of vegetation (Figure 7b). More than 3% of the grassland recovered to normal after 4 months, whereas 56.1% of the grassland recovered within 3–4 months. Research has shown that the effects of drought on severely water-stressed grasslands were greater than those with less water-stressed grasslands [37], which explained why the drought threshold was lower in the border regions of Inner Mongolia (Figure 5a); they can endure drought on longer timescales, with greater severity.





5. Conclusions


In this study, NDVI and SPEI were used to present a comprehensive and systematic evaluation of vegetation stability in the MRYRB. Drought characteristics and stability parameters (resistance duration, resilience duration, drought threshold, and lag time) were quantified during the 2005/2006 drought event, and the main conclusions are as follows:




	
The vegetation in the study area was mainly less resistance and less resilience (40.9%), which was distributed in the northwest of the study area.



	
The start time of the drought is mainly concentrated in the summer and winter of 2005. The drought duration and severity present the similar space distribution characteristics. The northwestern part of the study area has a longer duration drought and severe drought severity, whereas the southeastern part is the opposite.



	
Most vegetation (89.4%) can return to the normal level within 100 days after the drought. The average drought threshold in the study area is −2.6, and the lag time of drought on vegetation is concentrated in 1–3 months.








This study promotes the understanding of the stability characteristics of vegetation on drought and provides the theoretical basis for reducing the negative impact of vegetation to resist drought, while helping alleviate the risk of drought pressure caused by global climate change.
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Figure 1. The location of the middle reaches of the Yellow River basin, China. The background colors indicate the different vegetation types in the region. 
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Figure 2. The identification of drought characteristics and stability parameters by smoothed SPEI and standardized anomaly of NDVI (SANDVI), (a) drought duration and drought severity, (b) resistance duration and resilience duration, the definition: (c) flow diagram, (d) drought threshold and (e) the lag time. 
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Figure 3. The spatial patterns of vegetation (a) resistance, (b) resilience, and (c) stability in the MRYRB. 
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Figure 4. The spatial patterns of (a) the drought start time; (b) the drought end time; (c) the drought duration; (d) the drought severity. The start, end, duration and severity in (a–d) were identified based on the smoothed SPEI. 






Figure 4. The spatial patterns of (a) the drought start time; (b) the drought end time; (c) the drought duration; (d) the drought severity. The start, end, duration and severity in (a–d) were identified based on the smoothed SPEI.



[image: Forests 13 01138 g004]







[image: Forests 13 01138 g005 550] 





Figure 5. The spatial patterns of (a) the damaged time; (b) the recovery time; (c) the resistance duration; (d) the resilience duration; (e) the drought threshold; (f) the lag time. (a–d) were identified based on the standardized anomaly of NDVI. Areas with no data in (e–f) represent drought without serious impact on vegetation. 
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Figure 6. The impacts of drought duration and drought severity on resistance duration and resilience duration. (a) impacts of drought severity in 2005/2006; (b) impacts of drought duration in 2005/2006. 
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Figure 7. The drought impact on divergent vegetation types (a) the resistance duration in 2005/2006; (b) the resilience duration in 2005/2006; Box−and−whisker plots (25th to 75th percentiles at the ends of the box. Median is indicated with a horizontal line in the interior of the box. Maximum and minimum values are at the ends of the whiskers) (c) the Pearson correlation coefficient between drought characteristics and vegetation stability parameters; all of the above passed the significance test (p < 0.01). 
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Table 1. Resistance and resilience levels division.
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	Resistance Range
	Resistance Level
	Resilience Range
	Resilience Level





	<10
	less resistance
	<0.8
	less resilience



	10–14
	fair resistance
	0.8–1.2
	fair resilience



	>14
	more resistance
	>1.2
	more resilience
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  forests-13-01138


  
    		
      forests-13-01138
    


  




  





media/file8.jpg





media/file11.png
13

Duration(10—day)

—
—_

©

-1

(a) -4 Resistance Duration

wid— Resilience Duration

=0.4661x + 7.2592

....
'''''
ot
e
»

........
........
.......

......

et
™

I P S A9

1% ,35‘/ ﬂ' 59’/1

Drought Severit;

Duration(10-day)

(b) —#— Resistance Duration —&— Resilience Duration

y =0.8607x + 6.2883

'''''''
. B
o'
»
ot
''''''
.....
.....

oot

bo,

ot

y=—0.9154x +12.618

1 2 3 5 6

Drought Duration(month)






media/file6.jpg
Dot ] Prowehrend
| || s "
T § 5 maee 5
s Shoin
o S
o] 4 . | B =
L = 2 & mmaven =
s -
TR 2
Prosmeaurs O P
[pe, o
o i Ll o mseE 9
S e 3 A b =he i
S b S
=i S
- 5






media/file1.png
1041°E 106.°F: l()8.°E IIQ°E

tegend
Forest I Grassland

% :
icr“[:l Urban area Il Others Inner Mongolia __
I Cropland M Water body BRI L

-f‘- = Gansu

34° N

40° N

38°N

36°N





media/file13.png
—
&
—
W
(=]

Resistance Duration(10-day)

2
tn

2
(=]

[
tn

[
=

th

Forest

G

-
= o
1
L |
1
1

-y
]

[
=
X

Resilience Duration(10-day)

Grassland  Cropland Forest Grassland  Cropland

Vegetation types Vegetation types

-5
2
£
3
&
8
g
&

Drought

Lag
Time

Duration

Threshold Duration

Severity  Duration

Forest

Drought Drought
Severity  Duration

Cropland

Drought Drought
Severity  Duration

Grassland





media/file10.jpg
DreaghDurstioatment)





media/file7.png
I0-4‘°E 106‘°E IOS:’E 110° E |l2‘°E IO-'#A”E lObl"E IOS."E 110° E Il?.:E

40° N

38°N

Drought start time (a) Drought end time (b)
I 2005.06 ~A, | ™=2005.07 a8 1.
1 ; ;&22?? Mongolia ; E : ’;33282 er Mongolia , E
[£32005.12 [32005.11 ! s
9 2006.03 - [£32005.12 p
I 2006.04 Hz =z| mEm@2006.01 4=
7 s 2| W2006.03 -
2z I 2006.06

S — - . .
=, Ningxia
N,

¢

34°N

40°N

38°N

34°N

Z
O,_#
-
Gansu 2 z =z
i ( Henan M2 21
- \ Rl B
w: 100 2007300 400
il R
104° E 106° E 108° E 110° E 112°E 104° E 106° E 108° E 110° E 112°E
104° E 106° E 108° E 110° E 112°E 104° E 106° E 108° E 110° E 112°E
Drought duration| (c) Drought Severity (d)
B 1 -month | | <63 [J-35-28 .
{ B8 2-month et 1 £ 2] mm-63—s56Em-28--2.1 4 -
O 3-month | OEoNd “‘<¢*t ¥ ¥ mm-s5.6—4.9 BE-2.1—1.427 ¥
3 5-month s —4.9—4.2 lll-1.4—0.7
B 6-month A C1-42—-3.5 l>-0.7 g
B 7-month Jz =z <l S =z
3 J BES %0 7 > E
L — -~ (a0 L -t s ~
NS e e e
= Ningxia = Ningxia
P s } iy T y
q €
Z Z Z
}-n o_ - }-o
E -
ansu S % ansu . -
g { S %] 1 . X
- \ ] = \ -
w: 100 200300 400 Y 1: 100 200300 400 )
p = km S ‘\\ . — km c\I:— A \\].

104° E 106° E 108° E 110° E 112°E 104° E 06° E 108° E 110° E 112°E





media/file12.jpg





media/file9.png
38°N 40° N

36°N

Inner Mongolia

(L

108° E

110° E

Damaged
Time

Resistance
Duration(days)

Threshold

110° E

40°N

38°N

36° N

34°N

104° E

40°N

106° E

106° E

108° E

108° E

A

Inner Mongolia

38°N

36°N

110° E

112°E

Recovery

me
2005.07.11
2005.08.11
2005.09.11
2005.10.11
2005.11.11
2005.12.11
2006.01.11
2006.02.11
2006.03.11
2006.04.11
2006.05.11
2006.06.11
2006.07.11

Resilience
Duration(days)

Lag Time
(month)

o

o>

|
=





media/file5.png
Ik E 1" E 105" E 1nr ke 1" E

istance
<3

JE3-10 #

1012 fnner Mongolia

BRiz-14 || LN

Less resissance and less resilience
Less ressctance and fair realience L
LLess resistance and more resilience 169
Fair resistance and fair resilicnce

Al N
4t N

M

[ FESITS B { .
I-:»I-:- pass 1= z
-~ & i
st ’ o~y
e
=~.HMngx:a

36'_' N






media/file3.png
SPEI

i

0.5

drought duration(DD)

1
|
|

»l

4l
|

/

drought start(Da)

drought severity(D.S) \

drought end(Dp)

Identify the first time of the
SAxpwvi less than -1.5

The corresponding
SPEI value

o Sef Ay,

Extrapolate backwards until

SPEI < —0.5 (Figure 2e)

SPEI cumulative
value(Figure 2d)

10 11 12

resistance duration
(RD1)

resilience duration
i (RD2)

I

damaged time(7«)

\

the most damaged time(7p)

recovery time(7y)

v

ot

SPEI

1 2 3 4 ] 6 7 8 9 10 11 12
Time
the most
damaged time
1 1 1 1
drought threshold
1 2 3 4 5 6 7 8 9 10 11 12
Time

- n

| the lag time |

|

|

| drought threshold

1

the most
damaged time






media/file4.jpg





media/file0.jpg
104° F 106° E

Urban area Il Others

40°N

38°N

Forest B Grassland

|- Cropland M Water bod;

108° F

10°E

z
-‘.‘m
§- Gansu A‘
- B ¥
“Te 400
= km
104° F 108° 1H0°E H2E

40°N

z

34N





media/file2.jpg





