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Abstract

:

In the coming decades, Bulgaria is expected to be affected by higher air temperatures and decreased precipitation, which will significantly increase the risk of droughts, forest ecosystem degradation and loss of ecosystem services (ES). Drought in terrestrial ecosystems is characterized by reduced water storage in soil and vegetation, affecting the function of landscapes and the ES they provide. An interdisciplinary assessment is required for an accurate evaluation of drought impact. In this study, we introduce an innovative, experimental methodology, incorporating remote sensing methods and a system approach to evaluate vegetation drought stress in complex systems (landscapes and ecosystems) which are influenced by various factors. The elevation and land cover type are key climate-forming factors which significantly impact the ecosystem’s and vegetation’s response to drought. Their influence cannot be sufficiently gauged by a traditional remote sensing-based drought index. Therefore, based on differences between the spectral reflectance of the individual natural land cover types, in a near-optimal vegetation state and divided by elevation, we assigned coefficients for normalization. The coefficients for normalization by elevation and land cover type were introduced in order to facilitate the comparison of the drought stress effect on the ecosystems throughout a heterogeneous territory. The obtained drought coefficient (DC) shows patterns of temporal, spatial, and interspecific differences on the response of vegetation to drought stress. The accuracy of the methodology is examined by field measurements of spectral reflectance, statistical analysis and validation methods using spectral reflectance profiles.
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1. Introduction


Drought is a part of the climate and can occur in any climate regime around the world [1]. A constant increase in extreme climate-related events has been observed, with a particularly sharp rise in the number of hydrological events [2,3]. This can have a direct effect on the frequency and intensity of droughts, leading to possible negative consequences for land-production systems [4].



Drought can arise from a range of hydro-meteorological processes that suppress precipitation and/or limit surface water or ground water availability, creating conditions that are significantly drier than normal [5]. The precipitation deficits generally appear initially as a deficiency in soil water [6]. It usually takes several weeks before precipitation deficiencies begin to produce soil moisture deficiencies that lead to stress on ecosystems.



Drought impacts different regions and climate zones around the world [7]. The analyses of drought variability during the last few decades show some regions with drying patterns in Europe. Situated in Southeastern Europe, Bulgaria is also subjected to the frequent short- and long-term droughts [8,9]. Increases in air temperatures and a reduction in precipitation in Bulgaria are expected within the next few decades [10], which will lead to higher transpiration and evapotranspiration values, especially in the summer seasons. This will significantly increase the risk of drought, loss of biodiversity and ES [11], and requires an accurate assessment of ecosystem responses to this phenomenon. The traditional approach for drought assessment evolved primarily from the meteorological and hydrological sciences. The introduction of interdisciplinarity and the application of the system approach divides drought into three main types—meteorological, blue-water, and green-water drought [12]. The green-water drought is expressed by reduced water storage in soil and vegetation. Green-water drought causes variable effects across landscape components, on their functioning and the ES they provide [12]. Blue-water, or irrigation water, is only required when the green-water store in the soil runs short [13]. Understanding drought-impact pathways across blue- and green-water fluxes and geospheres is crucial for ensuring food and water security and for developing early-warning and adaptation systems in support of ecosystems and society [14].



The distinct landscapes and the forest ecosystems [15] that developed on them react in different ways to the changes in the environmental conditions [16]. Application of indices and indicators based mainly on hydro-meteorological data cannot sufficiently achieve effective and accurate drought assessments. Similar disadvantages are also shown by remote sensing methodological approaches, based entirely on spectral vegetation indices [17]. Semi-natural ecosystems in lower territories wither earlier than those in higher areas. The application of a methodology for drought assessment that uses only spectral indices could lead to misinterpretation of this natural process, defining it as drought. In addition, the differences in the withering process and drought sensitivity of the individual land cover classes (LCCs) further superimpose the differences between the individual ecosystems and complicate the assessment of drought. The drought response of plant communities is also influenced by the within-ecosystem variability, predetermined by the differences in landscape-forming components such as the lithological basis, soil type, topography, and landscape hydrology. There is evidence that ecosystems respond more strongly to climate variability with decreasing climatic wetness and biomass [18,19], which suggests that the drought sensitivity would be greater in grasslands than in shrubs and, respectively, greater in shrubs than in forest ecosystems [17]. All these prerequisites require a methodology that takes into account the differences between the ecosystems and unifies the assessment of ecosystems’ drought response throughout a heterogeneous territory. Therefore, the present study introduces coefficients for the normalization of drought assessments by two key landscape-forming factors—elevation and land cover. The elevation is a dominant driver of drought sensitivity. In the high mountain areas, soil is shallow, with lower water retention capacity and consequently with reduced capacity to supply ecosystems with moisture under severe drought conditions. In the foothills and valleys, the soils are deeper, and the water retention capacity is greater. These areas are distinguished by shallow groundwater availability and provide better moisture supply to vegetation. Different LCCs are also characterized by various degrees of drought sensitivity. Studies on the gross primary productivity (GPP) changes of different land cover types under drought stress show, for example, a considerable reduction in the drought-induced GPP in the mid-latitude region of the northern hemisphere (48%), followed by the low-latitude region of the southern hemisphere (13%) [20]. In contrast, a slightly enhanced GPP (10%) was evident in the tropical region under drought impact [20]. Shrubs and grasslands have a lower biomass than forests and, under drought conditions, show stronger drought sensitivity and greater differential response to severe drought than to moderate drought [17,19]. Water-limited ecosystems, distinguished by low GPP, demonstrate a higher correlation between hydro-climate variation and vegetation greenness [18]. They respond with greater productivity decreases under drought stress [21], and show slower recovery after that [20].



The present study introduces an innovative, experimental methodology, which intends to assess the drought impact on semi-natural lands, including forest, shrub and grassland ecosystems. The application of the system approach, which takes into consideration key differences between the ecosystems and their functioning, is included as a necessary basis for accurate evaluation of the drought impact. The study outlines patterns of temporal, spatial, and interspecific differences in the response of vegetation to drought stress in a part of western Bulgaria, which is distinguished by its heterogeneity and diversity. These prerequisites make the study valuable for further drought-related research concerning various environments.




2. Materials and Methods


2.1. Study Area


The study area is located in western Bulgaria. It is representative of the areas with different vegetation (forests, shrubs, grass and pasture lands) which are considerably influenced by drought. The area covers two adjacent Sentinel-2 tile scenes, encompassing 17.2% of Bulgarian territory (Figure 1).



The local relief is diverse, including valleys, hilly areas and mountainous areas. The study area occupies parts of the Fore Balkan and Balkan Mountain Range, Vitosha Mountain, Sredna Gora and smaller adjacent mountains. The mean elevation is 715.5 m a.s.l. The highest point is 2277.6 m and the lowest is 83.4 m.



The climate is temperate-continental, characterized by relatively warm summers and cold winters. The mean annual temperatures vary between 10.3 °C in the lower areas and 0.3 °C at higher altitudes. The annual precipitation sum is between 610 and 1187 mm, depending on the elevation and slope exposure [22].



The main soil types include Luvisols, Cambisols, Leptosols, Planosols, Colluvisols, and Rendzinas. The valleys are characterized mainly by Fluvisols, whereas the high mountainous parts are characterized by Umbrisols. Within the area of the coniferous and beech forest spread, the Cambisols are predominant. In the low-latitude mountains and hilly areas, the soil types are more diverse, due to differences in the lithological material, the complex interaction between the main geocomponents, and the paleogeographic development [22].



2.1.1. Vegetation Variability


The territory is dominated by semi-natural areas (56%). Broadleaved forests cover 48% of the semi-natural areas, pastures and grasslands cover 16.8%, transitional woodlands and shrubs cover 16.6%, mixed forests cover 13.8%, and finally coniferous forests cover 4.8%. The distribution and species diversity of vegetation is influenced by the altitude zonation, slope exposure, soil type, and lithological basis. In the Fore Balkan and lower mountains, oak, oak-hornbeam and beech forests (Querqus sp., Quercus dalechampii Ten., Carpinus orientalis Mill., Fagus sylvatica L.) are present. The higher parts of the mountains are occupied by European beech forests (Fagus sylvatica L.), and in the karst areas Mizian beech forests (Fagus sylvatica L. ssp. moesiaca (K. Manly) Hyelmq.) are present. The coniferous belt is fragmented and the main forest formations are dominated by Norway spruce (Picea abies (L.) H. Karst.) and mixed communities (Picea abies (L.) H. Karst. and Fagus sylvatica L. or Abies alba Mill.). The highest parts of the mountains are occupied by mountain-meadow vegetation [23]. The natural vegetation in the valleys and hilly areas is highly fragmented by agrophytocenoses and urban areas.




2.1.2. Climatic Conditions


A trend of decreasing precipitation is observed in the southwestern regions of Bulgaria, with the greatest decrease being more than 25% in some mountain parts [24,25]. Long-term observations of climatic parameters, performed in mountain stations situated in the studied area, show a positive trend for the average monthly air temperatures. They are most pronounced in summer, reaching 1.3 °C above the norm, set for the reference period 1961–1990 [26,27]. When comparing the periods 1961–1990 and 1989–2018, the most significant fluctuations of climatic elements in the non-mountainous areas are observed in the annual mean maximum and minimum air temperature, followed by the number of ice days (Tmax < 0 °C), the number of tropical nights (T > 20 °C), mean number of days per year with snow cover, and mean number of days per year with precipitation above 1 mm [28].



The data in Table 1 show the change in selected climatic elements and, respectively, the coefficient of climatic change (CCC), calculated on the basis of data acquired in two meteorological stations—Lovech, located on the border between the Danube plain and Central Fore Balkan (Northern Bulgaria) and Sofia, located in the Sofia valley (Southern Bulgaria) [28] (Figure 1). The CCC is determined depending on the percentage increase or decrease in the values of the analyzed climatic element in the period 1989–2018, compared to the norm of the reference period (1961–1990). The change in a given climatic element is insignificant when the CCC is 0–3, slight when it is 4–5, moderate when it is 6–7), and significant when CCC ≥ 8 [28].



The long-year chronological course of the mean annual maximum air temperatures for 1961–2018 shows large amplitudes, especially in the years after 1987, as well as a well-defined positive linear trend. The increase in the mean annual maximum temperatures is about 0.4 °C per decade, and the peak is already commonly observed at the beginning of August, not at the end of July. There is also a time shift of monthly minimum precipitation that is already commonly observed in August, not in October (meteorological station Sofia) [28]. The described changes in climatic elements create conditions for severe drought stress in ecosystems in August.



The change in the number of days per year with precipitation above 1.0 mm in the non-mountainous part of the country is 40% in winter, 35% in summer, and 19% in spring. However, geographically, there is an increase in the rate of decrease in precipitation from north to south and from north-east to south-west. This is an indication primarily of larger-scale changes in the atmospheric circulation [28]. The influence of local orographic features is of secondary importance. Climate change increases as the altitude increases and is most significant in the temperate-continental climate zone [28]. These findings indicate considerable changes in the climatic conditions in the study area (Figure 1).





2.2. Data


2.2.1. Satellite Data


For the purposes of the present study, all available cloud-free Sentinel-2 satellite images (level 1-C product) or images with a small percentage of cloud cover for the summer periods of 2019 and 2020 were used. Removal of cloud pixels was performed on the latter. The level 1-C product is composed of 100 × 100 km2 tiles, on which per-pixel radiometric measurements in top of atmosphere (TOA) reflectance by the European Space Agency (ESA) are performed [29]. The study area is covered by two adjacent tile images (T34TFN and T34TGN). The satellite images are representative for August and September (Table 2). There are two cloud-free satellite images, covering the entire study area for the end of August/beginning of September, acquired in 2019 and 2020. Different spectral band combinations were used for the calculation of spectral indices. The study also involves orthogonalization of multispectral satellite data that includes all 13 spectral bands of the Sentinel-2 satellite images. The Sentinel-2 satellite images are freely accessible through the Copernicus Open Access Hub of the European Space Agency (ESA) [30].



The acquisition dates of the satellite images were chosen in August and September, when the vegetation in the studied area is in a vegetative maturity and the climatic conditions are traditionally distinguished by drought with different intensity. The air temperatures in August are the highest in the year. The precipitation sums are the lowest and most unevenly distributed in time. In the last few years, the depicted climatic conditions have lasted longer, encompassing a large part of September. The satellite images are representative for early August (on 7 August 2019), the middle of August (on 12 August 2019), the end of August/beginning of September (on 31 August 2020 and on 01 September 2019), and for the middle of September (on 16 September 2019) (Table 2). There are two cloud-free satellite images, covering the entire study area for the end of August/beginning of September, acquired in 2019 and 2020. For that reason, a comparison of the climatic conditions and their impact on the semi-natural vegetation in August 2019 and 2020 was performed. The images from the end of August/ beginning of September were used for an assessment of the effect of the different weather pattern on the DC dynamics in both years. Generally, this assessment shows the relation of the DC to the actual drought effect.




2.2.2. Reference Data


Corine Land Cover (CLC) data, released by the Copernicus Land Monitoring Service, referring to land cover/land use status of 2018, was used in the present study. CLC is based on classification of satellite images and is characterized by minimum mapping unit of 25 ha and minimum width of linear elements of 100 m [32].



A digital elevation model (DEM) raster layer with a geographic accuracy of 25 m was also used. The DEM layer is available through Copernicus Land Monitoring Service [33].




2.2.3. Data, Used in the Validation Process


For the purposes of the validation, data derived from Landsat-8 (OLI) and PROBA-V sensors were used. The PROBA-V-based datasets include fraction of vegetation cover (FCover), Leaf Area Index (LAI), and gross dry matter productivity (GDMP).



The datasets are freely available through Copernicus Land Monitoring Service [34].



The Landsat-8 (OLI) data were available through USGS Earth Explorer [35].




2.2.4. Data Processing


Data processing included several main steps, such as resampling; creation of composite layers; raster mosaicking; cropping to the range of each LCC and according to the elevation; assignment of weight coefficients and calculation of weighted sums; reclassification; satellite and in situ spectral profile generation; and creation of maps, showing the final results.



Data processing steps were performed by using Erdas Imagine 2014, Version 14, Madison, AL, USA; Quantum GIS, Version 3.16, Beaverton, OR, USA software, and OceanView 2.0, Version 2.0.8., Largo, FL, USA firmware. Statistical analyses were performed on SigmaPlot, Version 14.5, San Jose, CA, USA software.





2.3. Integrated Steps for Assessment of Green-Water Drought Impact


2.3.1. Spectral Vegetation Indices Used in the Assessment of Green-Water Drought Impact


The proposed methodology integrates four main steps, presented in detail in Scheme 1, Scheme 2, Scheme 3 and Scheme 4.



The first step includes calculation of indices, used for assessing variations in moisture content, disturbance of ecosystems and drought severity. After calculation, each of the indices is assigned a weight coefficient, pre-defined according to the significance of the process and/or phenomenon it represents.



The Normalized Multi-band Drought Index (NMDI) [36] is an index especially developed for monitoring soil and vegetation moisture with satellite remote sensing data. NMDI uses a combination between the NIR (0.86 μm) spectral band and the sensitive to vegetation and soil moisture content short-wave infrared part of the electromagnetic spectrum (0.164 nm and 0.213 μm) [36]. NMDI increases the accuracy of drought severity assessments and is particularly suitable for drought monitoring of an entire ecosystem, affected by both soil and vegetation drought. The lower NMDI values correlate with higher drought severity when monitoring areas with dense vegetation (Leaf Area Index > 2) [36]. In these cases, the reciprocal value of the index in every individual pixel is used. NMDI is considered as the most significant indicator for the presence of green-water drought in ecosystems, and it was assigned the highest weight coefficient (45%).



The Disturbance Index (DI) [37] is based on a linear orthogonal transformation (tasseled cap transformation—TCT) in multidimensional space, which aims to reduce the correlation between its individual elements. TCT converts the original strongly correlated data into three uncorrelated indices (brightness—BR, greenness—GR, and wetness—W), representing the soil, vegetation, and water components of ecosystems, and increases the degree of their identification in land cover classifications [38]. The unitary matrix of TCT is fixed for each sensor [39]. In the present study, a unitary matrix, determined for the orthogonalization of images particularly from the Sentinel-2 sensor [40], was used. DI is a linear combination of BR, GR and W components of TCT [37]. Considered sequentially, the index values provide a direct method for quantification of the deviations in the ecosystems, caused by destructive impacts and processes [38]. Such a destructive process could be a prolonged drought. DI was assigned a weight coefficient of 35%.



Similar to NMDI, the Moisture Stress Index (MSI) [41] incorporates the NIR and one of the short-wave infrared spectral bands and is widely applicable in analysis of vegetation canopy moisture stress. MSI is expected to be highly effective in assessments of moisture stress in plants with tolerance of low leaf water content by cellular adjustment that cannot be detected using NIR/R vegetation indices [42]. In addition, MSI also correlates with soil moisture [43] that influences the overall vegetation condition in terms of moisture content and stress. These features of the index are advantages in green-water drought assessments. MSI was assigned a weight coefficient of 20%.



Step 1 of the methodology ends with an intermediate assessment of the green-water drought severity (output raster 1) and separation of the studied area into two categories, based on the elevation difference (Scheme 1).




2.3.2. Defining Coefficients for Drought Resilience


The proposed methodology takes into account differences in semi-natural ecosystems, pre-determined by elevation and land cover type. Aiming to achieve a higher degree of comparability in assessing green-water drought throughout the studied area, these two factors were assigned coefficients for normalization. This process is depicted in the methodology flow chart as Step 2 and Step 3.



The output raster, generated after the intermediate assessment, was separated into two rasters, representing the weighted semi-natural areas located above 900 m a.s.l. and the lower located semi-natural areas. The 900 m isoline was selected as a conditional dividing line between the temperate and cold humid landscapes of the higher mountains on the one hand, and the warmer and drier landscapes in the lower mountains and hilly areas on the other. Depending on the exposure of the slope, this isoline can be considered as the lower limit of distribution of the beech forests in the mountains of western Bulgaria [44].



The area separated in this way was further divided depending on the differences in the LCCs, pre-determined by their drought resilience. This forms the intermediate assessment for each LCC in the territories below 900 m and above 900 m (Scheme 2).



After the intermediate assessment of the each individual LCC, the average value of drought severity was used as a basis for the differentiation of its drought resilience. Satellite images from early June and early July were used for the territories below and, respectively, above 900 m a.s.l. in this process. The rationale behind this approach are the differences in seasonal timing and duration of species life-cycles in the lower lands and higher in the mountains. In applying the methodology, the referent basic LCCs were selected for areas below and above 900 m. The referent basis LCCs are those with the highest average value of drought severity. According to these referent classes, the coefficients for the differentiation of drought resilience of the other LCCs were set. The coefficient of drought resilience of each individual LCC represents the difference between the average value of drought severity of the basic LCC and the average value of drought severity of each LCC for the areas below and above 900 m. The coefficients of drought resilience are used for the normalization of drought stress assessment by land cover type. The coefficients for normalization by elevation were calculated as differences between the average values of drought severity of each CLC class below and above 900 m (Scheme 3).




2.3.3. Evaluation of Vegetation Drought Stress


The final assessment unites the intermediate assessment of drought severity, the coefficients for drought resilience of the LCCs, and the coefficients for elevation (Scheme 4). The obtained drought coefficients (DC) represent a unified expression of drought stress, taking into consideration physically predetermined environmental conditions arising from differences in land cover type and elevation.




2.3.4. Methods for Validation of the Results


The validation process includes several main steps and involves an application of linear regression analyses.



In the first step, we used a thematically oriented multichannel spectrometer (TOMS) [45] based on USB2000 and NEARQUEST512 of OceanOptics Inc. for field measurements of spectral reflectance. The measurements were performed in randomly located ecosystems, belonging to the individual LCCs differently affected by drought stress. Aiming for the validation of DC in each point location (point-based validation) (Scheme 4), the spectral channels of the spectrometer were adjusted to those of Sentinel-2.



After the point-based validation, spectral profiles were generated and analyzed through the calculation of spectral indices representing the unique environmental conditions in the randomly identified ecosystems. The selected spectral indices are broadly applied in remote sensing for the assessment of vegetation condition and its dynamics, affected by moisture stress and drought [36,46,47,48,49,50,51]. The accuracy of the spectral indices was evaluated on the basis of the field measurements. The spectral indices with the highest accuracy were used for validation, based on randomly selected test areas (area-based validation). In addition, in the area-based validation, datasets from independent sources were used (Landsat-8 and PROBA-V), including environmental indicators related to drought process (Scheme 4). The selected indicators are fraction of vegetation cover (FCover), Leaf Area Index (LAI), and gross dry matter productivity (GDMP). The datasets are distinguished by different spatial resolutions. For the purposes of the statistical analyses, the datasets were resampled, according to the resolution of the variables, used in the analysis. Generally, the datasets with higher resolution were resampled to lower resolution (Table 3).



Spectral Indices and Environmental Indicators, Used in the Validation Process


In addition to the vegetation indices, proposed in the methodology (MSI and NMDI), the Red Edge Normalized Difference Vegetation Index (NDVI705), which is a narrowband greenness vegetation index, the Plant Senescence Reflectance Index (PSRI), which is senescence-related vegetation index, and modifications of some of the listed indices were also calculated in validation process. As a modification of MSI that traditionally uses SWIR1 (1.61 μm) and NIR (0.842 μm) bands of Sentinel-2 sensors in its calculation, the ratio between SWIR2 (2.19 μm) and 8A (0.865 μm) is suggested (MSI2). These bands, similar to those used in calculation of MSI, are sensitive to changes in ecosystem moisture content and related dynamics of plant greenness.



Using the ratio of bulk carotenoids to chlorophyll, the PSRI is sensitive to plant senescence. For the calculation of PSRI, the red, the blue, and one of the red edge (centered at 0.740 μm) Sentinel-2 bands are used. The original formula for calculation of the index is as follows [48]:


  PSRI =   ρ 0.680 −    ρ  0.500     ρ 0.750    



(1)







In the present study, for the validation of the obtained results, in addition to PSRI, we introduce a modification, which calculates using two red edge bands and the green peak band of Sentinel-2. The PSRI2 was shown to be effective in the differentiation of LCCs and in monitoring moisture stress. PSRI2 values increase in dryer conditions, with the reduction in moisture content. The formula of the proposed index is as follows:


  PSRI 2 =   ρ 0.705 −    ρ  0.560     ρ 0.783    



(2)







The modified index proposed has the advantage of the effectiveness of red edge and green peak bands in monitoring the alternations of cellular structures and anthocyanins content induced by water stress. There is a high correlation between reflectance at 0.550 and 0.700 μm during the browning of plant tissues [52]. Spectral changes of browning plant tissues could be associated with heating [53], senescence [54,55], and wounding [56]. As browning progresses, the spectral reflectance in the whole range of the spectrum decreases. The decrease in reflectance is most pronounced in the green peak (0.550 μm) and in the range 0.750–0.800 μm, and is much smaller in the red and the blue regions [52], which are employed in the calculation of the original PSRI. Browning process is induced by a loss of cell compartmentalization and involves oxidation [57,58]. Oxidative stress in tree vegetation caused by environmental stresses is associated with accelerated cellular leaf senescence [59] in both coniferous and winter deciduous plants [60]. Drought stress can be adjusted by an increase in the anthocyanins (water-soluble flavonoids). Anthocyanins are plant pigments that, with their potential to regulate photosynthesis [61], have a photoprotective function [62,63], acting as osmotic adjusters and increase plants’ resistance to drought stress or freezing [64]. The narrowband green (0.550 μm) and early red edge (0.700 μm) reflectance have been shown to also be effective in monitoring the dynamics of anthocyanins [65].



In addition to the spectral vegetation indices, we used three environmental indicators, based on the PROBA-V sensor, in the validation process.



The fraction of vegetation cover (FCover) refers to the spatial extent of the ground covered by green vegetation. It can be used as an indicator for monitoring vegetation life-cycles and for assessments of vegetation status, which can be strongly affected by drought. FCover is applicable in land surface models for evaluation of water-energy balance, in hydrology, and climate studies [66].



The Leaf Area Index (LAI) is recognized as an essential climate variable (ECV) by the Global Climate Observing System (GCOS) [67]. It represents the thickness of the vegetation cover and corresponds to the total green LAI of all the canopy layers [67]. In the forests, the satellite-based LAI also estimates the canopy of the understory, which significantly contributes to the water retention capacity of the ecosystems and, respectively, to their drought resilience.



The gross dry matter productivity (GDMP) represents the increase in the dry biomass of the vegetation. GDMP is directly related to ecosystem net primary productivity (NPP) [68], also dependent on the environmental conditions and particularly on the drought.







3. Results


3.1. Drought Stress


In the analysis of the results, the DC is separated conditionally by breakpoints of 2, 4, 6, 8, and 10 (Figure 2 and Figure 3). This separation was performed for a better visualization of the spatial and temporal dynamics of the drought stress and facilitates the interpretation. The DC is in a testing phase and it is still not validated through field measurements of the actual drought impact. For that reason, it should be considered as an index outlining the drought trends through time and space for different landcover classes in western Bulgaria, also considering the elevation factor. The analysis of the results includes a comparison of the climatic conditions and of their impact on the semi-natural vegetation at the end of August/beginning of September. Tentatively accepted, this assessment demonstrates the relation of the DC to the actual drought effect.



3.1.1. Drought Stress for the Whole Studied Area


DCs were determined for the studied area and presented as averages for the period of observation (from the beginning of August 2019 to the middle of September 2019) in four different time moments (early August, mid-August, end of August/beginning of September, mid-September). The results show that in the entire period, lands characterized with a relatively low to moderate degree of drought stress (DC < 6), prevail and represent 57.2% of the area (Table 4). The area of land identified as unaffected and weakly affected by drought was 32.8% of the total area. The areas with a higher degree of drought stress increased smoothly. The lands with DC ranging between 4 and 6 represented 24.3% of the area, while those with DC 6–8 represented 19.9%, those with DC 8–10 represented 7.6%, and those with the highest degree of drought stress (DC > 10) had the lowest distribution (7.6%). The areas categorized as having the highest degree of drought stress, for the studied period in 2019, had a minimum distribution of −7.6%. The area with broadleaved forests in this drought class (DC > 10) was greater, at −3.6%, due to the highest share of the territory (48% of the semi-natural territories) being covered with them. It should be mentioned that in 2019, the peak in the air temperature was recorded in the period 8–10 August and ranged between 36.6 °C in the lower territories and 24.2 °C in the high mountains [69]. The smallest area with DC > 10 is that which is covered with coniferous forests. The share of coniferous forests is only 4.8% of the studied area and they are spread mainly throughout the high altitudes, with less influence from the drought events.



Even in early August, there are differences in the response of vegetation to green-water drought between the individual LCCs. The share of the areas with DC < 4 prevails in forest ecosystems. In the broadleaved forests it was the largest (80.2%), in the coniferous forests it was 75.3%, and in the mixed forest it was 74.9%. In the woodland/shrub ecosystems, the share of the areas with DC < 4 was 57.6%, whereas in the grasslands, even at the beginning of August, the areas with a comparatively low degree of green-water drought stress were 40.1%. Within the area covered with broadleaved forest ecosystems, forests with the highest degree of drought stress (DC > 10) cannot be observed. In the other forest ecosystems, the territories with DC > 10 covered barely 0.1% of land in the mixed forests and 0.4% in the coniferous forests. The share of the most affected woodland/shrubs ecosystems was similar to that of the coniferous forests, whereas in the grasslands, the share of these areas was the largest—2.3% (Figure 4a–e).




3.1.2. Drought Stress Influence on Pastures and Natural Grasslands


Our results show clear differences in vegetation response to green-water drought stress between the individual LCCs. The areas of the pastures and grasslands identified as not being affected by drought (DC < 2) were similar for all studied dates, in the period from the beginning of August to the middle of September, and vary from 7.7% to 9.6% (Figure 4a). The percentage of areas identified as weakly and moderately affected by drought stress (DC from 2 to 6) exceeded 20% for August 2019 and 2020. In September (from 1st to 16th September 2019), the tendency smoothly changed towards an increase in the areas with a higher degree of drought stress (DC > 6). The highest drought stress (DC > 10) for 14.3% of the area of the pastures and grasslands was observed in the middle of September 2019, while at the beginning of August, the area of this LCC was less affected (Figure 4a). The smooth transition in the response of the pastures and grasslands to the drought could be hypothetically accepted as a result of the functional group of the grass and/or interactions among functional groups change with their biomass share. No uniform drought stress response of permanent grassland was found [70]. In accordance with other studies, water/drought stress in grassland ecosystems correlates with biomass [71,72].




3.1.3. Drought Stress Influence on Transitional Woodlands/Shrubs


The response of the transitional woodlands/shrubs to the drought stress differs in comparison to those of the pastures and natural grassland. The prevailing part of the area with this LCC (from 38.0% to 50%) belongs to DC 2–4, defined as being weakly affected by drought, with a slight decrease during the studied time (Figure 4b). Contrary to this, the results show that the territories unaffected by drought (DC < 2) increase with time closer to the air temperature maximum and continue even after that time (Figure 4b). The increase in these areas was evenly distributed throughout the territory, with a slight predominance in the high parts of the Kraishte. Similar recovery was also observed in the grasslands ecosystems, but is influenced by the elevation factor and is most distinguishable in the highest parts of the Balkan mountain range. The share of the area of transitional woodlands/shrubs identified as moderately affected by drought (DC 4–6) varies between 24% and 32% (Figure 4b). The higher degree of drought stress (DC 6–8) influences less than 13% of the area, while the strongest drought stress (DC > 10) affects less than 3% (Figure 4b). Despite the fact that the share of the ecosystems with moderate drought stress (DC 4–6) in woodlands/shrubs was slightly larger than those in the grasslands, the opposite trend was observed, concerning the areas affected by a higher degree of drought stress (DC > 6). In the last two LCCs (pastures and natural grasslands; transitional woodlands/shrubs), a significant increase in the ecosystems more severely affected by drought (DC > 6) was noticed. In the middle of September, the share of the grassland area with DC > 6 represented up to 56.4%, while that of the woodlands/shrubs was 22.1% (Figure 4a,b). The maximum established areas with DC 8–10 (6.4%) were more pronounced in the mountainous territories and those with DC > 10 (2.7%) were found in the lower parts of the Fore Balkan and the valleys in southern Bulgaria, adjacent to the agricultural lands.



Currently, there is a consensus that a strong positive correlation exists between precipitation and above-ground net primary productivity (ANPP). This is due to photosynthesis, which is the main mechanism for plant growth and productivity [73,74]. It was found that the ANPP of xeric grasslands would exhibit greater sensitivity to drought, compared with mesic or hydric ecosystems [75]. Due to the sparse and low vegetation cover, the transitional woodlands/shrubs reflect a larger amount of incoming radiation than the grasslands with a lower albedo [76]. Additionally, the differences in the biology between grasses and shrubs, such as their periods of growth, root distributions (shallow-rooted grasses vs. deep-rooted shrubs), and canopy structure (dense grasses, and open shrub canopies), cause their response to drought to differ [77].




3.1.4. Drought Stress Influence on Broadleaved Forests


The results for drought stress influence on broadleaved forests are presented in Figure 4c. The results show that the largest (82.0%) area covered by this LCC was identified as unaffected or slightly affected by drought (DC < 4). These areas were evenly distributed throughout the northern part and in the high mountains, predominantly in the southern part of the study area. Most noticeable were the changes in the Sashtinska sredna gora, dominated by the European beech forests [23], developed on Cambisols [22]. The area slightly affected by drought (with DC 2–4) decreased with the time of observation and sharply passed to the next category of drought (DC 4–6), which represented 15.3%. These mixed broadleaved ecosystems are mainly spread on the karst areas in the western Balkan mountain range (form. Querceto-Carpineta betuli, form. Fageta moesiacae, mixed Quercus dalechampii Ten. and Carpinus orientalis Mill. forests), Vitosha (form. Fageta moesiacae, form. Betuleta pendulae), Plana Mountain (form. Querceta dalechampii, form. Carpineta orientalis, form. Acereta monospessulanii), and in the karst areas of the Kraiste (form. Querceta dalechampii, form. Querceto-Carpineta betuli and forests dominated by Quercus cerris L., Carpinus orientalis Mill., and Quercus frainetto Ten.) [23]. The canopy architecture of different deciduous species was considered as a main factor of the canopy foliage temperature acceptance. Based on canopy foliage temperature and sap flow data, it was established that Acer pseudoplatanus L. is the most drought-sensitive species followed by Fagus sylvatica L., Tillia platyphyllos Scop. and Prunus avium L.. It was suggested that two ring-porous species, Fraxinus excelsior L. and Querqus petraea (Matt.) Liebl., are clearly the least sensitive ones in regard to increasing summer temperatures and drought due to their ability to maintain transpirational fluxes and cooler canopies [78]. Similarly, based on remote sensing observations over Europe, it was found that broadleaved tree species locally reduce land surface temperatures in summer compared to needle-leaved species [79]. Moreover, the seasonal changes in plant leaf area, the presence of leaves and the time when they appear affect albedo and the gas exchange occurring between leaves and the atmosphere and thus affect carbon dioxide concentrations and the water availability/scarcity [80]. It can be concluded that the higher drought stress resistance of the broadleaved forests in the studied area is due to the different vegetation species within this group and their specific physiological peculiarities.




3.1.5. Drought Stress Influence on Coniferous Forests


The results for the distribution of the coniferous forests between drought classes are specific and differ from the other LCCs (Figure 5). The area identified as being unaffected and slightly affected by drought (DC < 4) prevailed and represented 79% of the total area. The areas of the territories with DC < 2 and DC 2–4 were similar—approximately 40% (Figure 4d). Because of the morphological and physiological traits of some coniferous species, they are relatively tolerant to drought, although cumulative water deficit constrains their growth in the long term [81]. The results relating to the beginning and middle of August confirm this statement (Figure 4d and Figure 5). The area of coniferous forests with moderate drought stress (DC 4–6) decreased considerably and represented 14.6%, which is similar to that for deciduous forests (Figure 4d). Studies on the mechanisms controlling water delivery and water loss in the leaves of conifers considered two main mechanisms for conserving water during water stress. One group withstands the drought by keeping the stomata closed, and the other does so by producing a water transport system capable of functioning under extreme stress [82]. The territories with DC > 6 were negligible—about 6% (Figure 4d), due to their distribution at high elevations in mountain regions.




3.1.6. Drought Stress Influence on Mixed Forests


The results obtained for the average trend of DC values for the mixed forest show an analogy to the broad leaved and coniferous forests (Figure 4e). However, concerning territories not affected by drought, as well as those slightly affected (DC 2–4), the mixed forests keep position between the previous two LCCs. The respective areas were 28.3% and 52.0% (Figure 4e). The results obtained are in accordance with the widespread agreement that tree species biodiversity plays an important role in a functioning forest ecosystem [83], ecosystem services [84] and resistance/resilience to different disturbances, both biotic and abiotic [84]. All three types of forest—broad leaved, coniferous and mixed—had very similar areas with DC 4–6—15.3%, 14.6% and 16.4%, respectively (Figure 4c–e). However, in the categories with a higher degree of drought impact, both broad leaved and mixed forests were shown to be more tolerant to drought, as their average areas with DC > 6 were about 3%, while for the coniferous forests, this area was 6.3% (Figure 4c–e). The adaptation to drought in mixed stands compared to monospecific stands is due to the coexistence of species with complementary traits, which subsequently improve water availability, water uptake or water use efficiency and compatibility with the climatic and edaphic conditions of the site [85].




3.1.7. Recovery Processes


The recovery process is presented as a difference in the area for all LCCs and DCs variability between the beginning of August 2019 and the middle of September (Figure 6).



The results show that with the decrease in temperatures, the increase in lands unaffected by drought continues, as the rate of recovery is the highest in the broadleaved forests, followed by coniferous and mixed forests. These LCCs most successfully coped with the maximum summer air temperature, and the territories identified as unaffected by drought (DC < 2) exceeded 25% in mid-September. However, the coniferous forests were characterized by a faster recovery after drought stress than the broadleaved forests. The area of the recovered coniferous forests was 15.5% in the middle of August, whereas that of the broadleaved forests was only 2.2% (Table 5).



The broadleaved forests unaffected by drought were almost evenly distributed throughout the study area, with concentrations in Ihtimanska Sredna gora, Verila, Plana (Figure 7 and Figure 8), and on the lower slopes of the Balkan mountain range (form. Querceta dalechampii; form Ostryeta carpinifoliae and forests dominated by Carpinus orientalis Mill.; Quercus cerris L. and Querqus frainetto Ten.; [23]). The main part of the recovered mixed forests was on the northern slopes of the Central Balkan range, and that of the coniferous was on the southeastern slopes of Vitosha Mountain. For the pastures and grasslands and for the transitional woodlands and shrubs, these territories were rather less common (Figure 6, Table 5). The areas with DC 2–4 and 4–6 decreased considerably, especially for the broadleaved and coniferous forests and to a lesser degree for the mixed forests. In the grasslands, a tendency towards an increase in drought impact was observed. In all of the LCCs, the drought categories with DC < 8 recorded a decrease in the areas between the beginning of September and mid-September. Only the grasslands with DC > 8 showed an increase in the area. These results probably indicate that the grassland ecosystems, influenced by the local environmental factors, reached their limit of drought resilience at in the beginning of September and ceased their vegetative development. In woodlands/shrubs, the increase in areas severely affected by drought (DC > 6) for the same period was 2.6% (Figure 6, Table 5).




3.1.8. LCCs Vegetation Response to Drought Stress in 2019 and 2020


The differences in the spatial distribution of the individual drought categories in the studied ecosystems in 2019 and 2020 directly reflect the variations in ecological conditions, caused by the manifestation of the climatic elements (Figure 9 and Figure 10). The whole of 2019 was warmer and drier than 2020 [69]. The analysis of climatic data, acquired in four meteorological stations located in the study area, shows that the mean average air temperature in August 2019 was higher by 0.9 °C (22 °C) than that in 2020 (20.1 °C) [69]. The average precipitation sum in August 2019 was 21.55 mm, ranging between 22.4 mm in the lower territories and 9.1 mm in the high mountains, distributed over an average of 4.25 days in the month and concentrated in early August (1–5 August 2019) [69]. In August 2020, the amount of precipitation was much greater at 74.5 mm, ranging between 43.5 mm in the lower territories and up to 98 mm in the high mountains, distributed over 7.25 days during the month [69].



The analysis of drought impact on the ecosystems at the end of August/beginning of September in 2019 and 2020 clearly indicates the differences in vegetation response of the individual LCCs and ecosystems.



The vegetation response in grassland ecosystems was most significant. The difference in the areas of grassland severely affected by drought in the drier 2019, compared to 2020, was 5.9% (Figure 4a). In a study performed by Cartwright et al., 2020 [17], a clear dependence between GPP and drought sensitivity was observed. Amongst the studied ecosystems, the grasslands are characterized as having the lowest GPP. The woodlands/shrubs ecosystems are second in terms of biomass and GPP. In the latter ecosystems, the difference in the spatial distribution of the lands identified as being severely affected by drought in 2019 and 2020 was 4.2%. In the coniferous forests, the percentage was 1.8%, in the mixed forests it was 0.9%, and in the broadleaved forests it was 0.7% (Figure 4c–e). The obtained results are similar to those of Cartwright et al., 2020 [17], and indicate that the ecosystems with relatively low GPP shows stronger drought stress and a greater differential response to severe compared to moderate droughts than forested areas. However, the results showing the differences in the spatial distribution of the drought unaffected ecosystems reveal an interesting trend for the forest ecosystems. The difference in their spatial distribution in the drier 2019, compared to the wetter 2020 was largest in the coniferous forests (18.9%), followed by the mixed (14.9%) and broadleaved forests (11.4%) (Figure 4c–e). These results indicate that the local factors, such as ecosystems fragmentation, lithological basis, azonal soil types (e.g., Rendzinas), slope exposure, etc., have a significant impact on the vegetation response, further exacerbating the drought effect and additionally contributing to the stronger vegetation response of the forests with lower GPP in the drought categories with DC > 6. The broadleaved forests showed greater adaptability, weaker differential response to severe drought and convergence in the categories with slight drought stress (DC 2–4) (Figure 4c–e).





3.2. Validation of the Results


The results obtained after the application of validation methods are presented in the figures and tables below.



The spectral profiles, generated after the field measurements and point-based validation, are shown in Figure 11a–e. On their basis, vegetation indices were calculated. The values of the vegetation indices are shown in Table 6. They are representative of the environmental conditions in each point and were used in the evaluation of the accuracy of the vegetation indices presented in Table 7. The indices with the highest accuracy (PSRI2 and MSI2) were involved in the area-based validation. The validation includes linear regression analyses (Table 7, Figure 12a,b).



The area-based validation also includes independent datasets (FCover, LAI, GDMP, and Landsat-8 based indices). In this validation step, in addition to the indices with the highest accuracy (MSI2 and PRSI2), NMDI was also involved, because this index has the highest weight coefficient in the DC algorithm. PSRI2 uses two red edge bands in its calculation, which are not supported by the Landsat-8. For that reason, the regression analysis included only one PSRI2, based on Sentinel-2 image.



The results, obtained after the statistical analyses, show a close relationship between the spatial resolution and the values of the correlation coefficients. Generally, the input data with lower spatial resolution decreased the correlation coefficients. The correlation coefficient between GDMP and MSI2, derived from the Landsat-8 dataset, was the only exception (Table 8). Nevertheless, the results could be used for a comparison between the individual indices and the environmental indicators.



The GDMP and the FCover showed the highest correlation with the MSI2, whereas the LAI was most dependent on the PSRI2 (Table 8).



The DC was distinguished as having the lowest dependency on FCover, LAI and GDMP (Table 8), which was expected to some extent. The DC algorithm involves coefficients of dissimilarities, used for normalization by elevation and land cover type. These coefficients are permanent and do not change dynamically over time. Nevertheless, they affect the values of the spectral indices, used in the calculation of the DC. On the other hand, the traditional spectral indices and the environmental indicators are affected only by the dynamically changing spectral reflectance of the land surface and eventually by the meteorological data, used in their calculation. When comparing the indices in relation to the environmental indicators, it can be found that the DC and the PSRI2 have a similar pattern. Both indices showed the lowest correlation with the FCover, whereas the MSI2 was less correlated with the LAI (Table 8).



A Comparison between NMDI and DC in the Drought Stress Assessment


The drought coefficient (DC) suggested in a recent study integrates traditional spectral indices (NMDI and MSI), widely used for assessments of ecosystems’ moisture content and drought. However, these indices are relative indices, showing the differences between the moisture content throughout a given territory without taking into consideration dissimilarities between the ecosystems, physically predetermined by the landscape-forming factors. Applying traditional indices, without considering any of the climate-related, landscape-forming factors, such as elevation and land cover type, in drought assessments, leads to misinterpretation of the results. In this way, typically drier ecosystems (e.g., oak ecosystems) could be identified as subjected to drought stress. Aiming to diminish such misinterpretations, the DC was designed with the intention to assess the real drought effect.



Figure 13 represents the share of the area of distribution of the NMDI and DC for the individual LCCs below and above 900 m. The values between 0 and 100 represent the percentages of areas for the DC and those between 100 and 200—the areas of the NMDI.



The results indicate the differences in the manifestation between the DC normalized by elevation and land cover type and the traditional NMDI in the assessment of drought stress in the individual LCCs, divided by elevation. The values of both indices were divided proportionally into six categories, according to the breakpoints used in the drought stress assessment (2, 4, 6, 8, and 10). The areas with the lowest category (1) were identified as the least affected by drought, and those with the highest category (6) were the most affected. Although, NMDI was assigned with the highest weight coefficient (45%) in the DC algorithm and forms a significant part of it, the differences in manifestation of both indices are clearly visible. The NMDI overestimated the lower situated ecosystems as being more affected by the drought stress and vice versa; the higher situated ecosystems were assessed as being weakly affected. This manifestation of NMDI is expected as it is a relative index, showing that one place is drier than another. In this manner, the greater part of the forests ecosystems, situated below 900 m were identified as drier, which is completely valid for assessments of moisture content but not for assessments of drought stress. In contrast, the DC more sufficiently assessed the distribution of areas between the different categories of drought stress, regardless of the altitude. Consequently, the ecosystems with the highest drought stress, assessed by the DC, increase smoothly in the areas situated below 900 m and vice versa when compared to higher elevation areas. The mentioned tendency can be more clearly observed in the ecosystems with lower GPP. In the forest ecosystems, due to their higher GPP and lower sensitivity to drought stress [17], the depicted trend is less noticeable. This indicates that the DC reduces the relativity in the evaluation of drought. However, the DC is still in an experimental phase of development, and despite its advantages in drought stress assessment, it should be interpreted cautiously.






4. Discussion


The areas identified as being most affected by drought stress had their minimum distribution at the beginning of August. Due to the maximum air temperature [28], which is observed in early August, the drought unaffected area showed its minimum distribution (Figure 4a–e). In the broadleaved forests in the beginning of August, ecosystems severely affected by drought (DC > 10) were not observed, whereas in the coniferous forests, their percentage was 0.4% (Figure 4c,d). Under conditions of drought, plants commonly allocate available resources to root growth rather than shoot growth [86,87]. As conifers do not have the mechanisms to roll their leaves or drop foliage, they cope with drought stress through an efficient root system that can mine the soil profile for available water, downregulating growth of aboveground mass, and maintaining an efficient photosystem. Deciduous trees, on the other hand, can reduce water loss through transpiration by reducing leaf size, changing stomata density, altering cuticle properties, and leaf senescence [88].



With increasing time distance from the temperature maximum, an increase in the share of lands identified as being unaffected by drought (DC < 2) was observed (Figure 4a–e). Coniferous forests are characterized by a faster recovery after drought stress than the broadleaved forests. The area of the recovered coniferous forests is 15.5% in the middle of August, and that of the broadleaved forests was only 2.2% (Table 5). The recovery processes in the broadleaved ecosystems were concentrated in the northern part of the studied area and in the high mountains in the southern part, where the soils are characterized by a higher soil moisture level, due to less solar radiation. This recovery pattern clearly indicates a close connection between the restoration processes in deciduous forests and climatic factors. The Balkan mountain range represents a barrier for the air masses penetrating from the northwest, and consequently affects the spatial distribution of precipitation and heat flow. As a result, the precipitation on the northern slopes of the Balkan mountain range and in the highest mountainous parts reaches up to 1200–1400 mm, while on the southern slopes and adjacent territories, which are under a rain shadow effect, the amount of precipitation is about 550–600 mm [89].



In the middle of August, the effects of drought continued to intensify (Figure 4a–e). In the broadleaved forests, areas with an increasing drought impact can be observed on the southern slope of the western Balkan mountain range (Figure 14a–c). These are karst areas with southern exposure, under the rain shadow effect of the Balkan range. Karst landscapes are characterized by rapid infiltration of the precipitation into the carbonate rocks. Following this, the leaked precipitation recharges the ground water [90]. This leads to long-term surface “karst drought” [91]. Moreover, carbonate rocks accumulate a lot of heat and then slowly release it, leading additionally to moisture loss in the karst landscapes [92].



At the end of August/beginning of September, an increase in both areas unaffected by drought and those severely affected by drought was observed (Figure 4a–e). The most noticeable reason for this was the recovery of the broadleaved forests, which continued until the end of the study period (Table 5). This indicates that the deciduous forests need more time to recover after drought stress than the coniferous forests. The deciduous forests are also distinguished by weaker dynamics in vegetation response to drought impact. The prevailing part of the broadleaved forests showed slight drought impact (DC 2–4) during the entire period of study (from early August until mid-September) (Figure 4c). Similarly, a study of deciduous forest trees’ responses to severe drought in Central Europe did not show severe water stress [93]. In comparison to the coniferous forests, the recovery processes after drought stress in the broadleaved ecosystems were slower. They reached the maximum in the degree of increase in the areas unaffected by drought by the end of August, while in the coniferous forests, this maximum was observed in mid-August. Moreover, in the coniferous forests, the areas with slight drought impact (DC 2–4) prevailed only at the beginning of the studied period (Figure 4d). After mid-August, territories identified as unaffected by drought (DC < 2) dominated. The faster recovery of coniferous forests and the prevalence of the areas unaffected by drought after the drought stress, during the temperature maximum, indicates their short-term drought resistance in comparison to broadleaved forests. However, in spite of that, the coniferous forest also showed a greater increase in areas more severely affected by drought (6.9%) in comparison to broadleaved forests (3.3%) (Figure 4d,c). In the spatial distribution of the more severely affected areas, there is a clear pattern. In the mountainous, higher altitude territories, the areas with DC ranging between 8 and 10 increased, whereas in the lower territories, such as the valleys and plains, the areas of the ecosystems most affected by drought (DC > 10) increased. This pattern is a result of differences in the horizontal structure of the landscapes in the mountains and plains. The valleys and plains are characterized by a higher degree of anthropogenization and fragmentation of the semi-natural areas. Moreover, the coniferous forests in the lower territories are predominantly artificially created and the planted species are not developed in their natural habitats. Such forests are exposed to constant stress and their resilience is severely limited. The regulating services, provided by forests with fragmented areas, are also severely deteriorated [94]. In the mountainous areas, however, the forests are not as fragmented, which increases their resilience to stress and maintains their regulating functions. The lower growth of deciduous forests severely affected by drought is also connected with the fact that they are predominantly developed in their natural habitat regardless of whether they have a secondary origin. Although less resistant to drought, the broadleaved forests were predominantly characterized by a slight drought impact (DC 2–4). The broadleaved forests with moderate drought impact (DC 4–6) covered 11.8% of the area in early September. The percentage of the moderate affected by drought coniferous forests was the same. However, in the categories of severely affected by drought ecosystems, the coniferous forests were more widely represented than deciduous forests (Figure 4c,d).



The vegetation response of the individual LCCs to different manifestation of climate elements is strongest in the ecosystems with low GPP. The ecosystems with the highest GPP (broadleaved forests) are distinguished by the weakest impact of climate variables. In spite of the drought tolerance of coniferous forests, under differences in air temperature by 0.9 °C and by 53 mm in the precipitation sum between August 2019 and 2020, the broadleaved forests showed a change in the severely affected by drought areas by only 0.7%, whereas the change in the severely affected coniferous forest was 1.8%. Nevertheless, the coniferous forests were the least affected by drought. The percentage of the unaffected by drought areas in the coniferous forests was by 7.5% higher than in the broadleaved forests (Figure 4c,d). This indicates that in the short term, the coniferous forests are more sensitive to climatic factors than broadleaved forests.



In mid-September, the broadleaved forests were distinguished by greater dynamics in the spatial distribution of the areas differently affected by drought. These forests were characterized by the highest growth of both unaffected and severely affected by drought ecosystems (Table 5). This nature of distribution shows again that local, landscape-forming factors are crucial for the difference in vegetation response to drought stress throughout the study area.



The obtained results indicate that the climatic factors, as well as the local landscape-forming factors, forest fragmentation, and anthropogenization, predetermine the spatial distribution of the differently affected by drought ecosystems.




5. Conclusions


The assessment of drought impact on the ecosystems is a complex task that needs to consider the influence of various environmental factors on the functions and processes occurring in complex systems—landscapes. The application of indices and indicators based entirely on spectral vegetation indices cannot sufficiently achieve effective and accurate drought assessments [17]. This was also confirmed by the present study. The comparison between the potential of NMDI and DC to evaluate drought stress on a heterogeneous and diverse territory clearly indicates the advantages of the normalizing elevation and land cover type DC. The results show that the DC reduces the relativity in the evaluation of drought. The application of only one spectral index or a combination of spectral indices which do not consider basic differences between the ecosystems leads to relativity of drought stress evaluation and misinterpretation of the results for a heterogeneous territory.



However, the DC is still in an experimental phase. In order to refine the DC algorithm for drought stress assessment, a validation field campaign is needed. A field measurement of the actual drought impact on the various ecosystems would bring valuable information for more accurate specification of the coefficients for normalization and weight factoring. For that reason, despite the advantages of the DC, the obtained results should be interpreted cautiously.
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Figure 1. Study area and meteorological stations. 






Figure 1. Study area and meteorological stations.



[image: Forests 12 00974 g001]







[image: Forests 12 00974 sch001 550] 





Scheme 1. Step 1 of applied methodology: calculation of spectral vegetation indices - Normalized Multi-band Drought Index (NMDI) and Moisture Stress Index (MSI); performance of a linear orthogonal transformation (tasseled cap transformation—TCT), generation of brightness—BR, greenness—GR, and wetness—W indices, and calculation of Disturbance Index (DI); assignment of weight coefficients; intermediate assessment of drought severity; and separation of the studied area into two categories, based on the elevation difference. 
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Scheme 2. Step 2 of applied methodology: division of the separated by elevation study area into semi-natural Corine Land Cover (CLC) classes; differentiation of average intermediate assessment values (average drought severity values) of each CLC class below and above 900 m. 
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Scheme 3. Step 3 of applied methodology: selection of referent basis Corine Land Cover (CLC) class for the areas below and above 900 m; defining coefficients for drought resilience for the areas below and above 900 m used for normalization of the drought stress assessment by land cover type; defining coefficients for normalization by elevation. 
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Scheme 4. Step 4 of applied methodology: calculation of the final assessment (Drought coefficient—DC) integrating the intermediate assessment of drought severity, the coefficients for drought resilience of the land cover classes (LCCs) for the areas below and above 900 m, and the coefficients for elevation; validation of the results. 
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Figure 2. Distribution of DC in the beginning of August. 






Figure 2. Distribution of DC in the beginning of August.



[image: Forests 12 00974 g002]







[image: Forests 12 00974 g003 550] 





Figure 3. Distribution of DC in the middle of September. 
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Figure 4. Distributions of Drought coefficient (DC) for the individual land cover classes (LCC) at the studied dates; (a) pastures and natural grasslands; (b) transitional woodlands/shrubs; (c) broadleaved forests; (d) coniferous forests; (e) mixed forests. 
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Figure 5. Distribution of coniferous forests (green coloured area) unaffected by drought (DC < 2) at the beginning of August (a) and in the middle of August (b), Scale 1:1,100,000. 
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Figure 6. Recovery process of the individual land cover classes (LCCs) in the period between early August and mid-September shown as variation in Drought coefficient (DC) classes; 231/321—pastures and grasslands; 324—transitional woodlands and shrubs; 311—broadleaved forests; 312—coniferous forests; 313—mixed forests. 
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Figure 7. Distribution of Drought coefficient (DC) in Ihtimanska Sredna gora, Verila, and Plana at the beginning of September 2019 (a) and in the middle of September 2019 (b); scale 1:300,000. 
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Figure 8. Distribution of broadleaved forests unaffected by drought (DC < 2) in the middle of August 2019 (a), at the beginning of September 2019 (b), and in the middle of September 2019 (c), scale 1:1,000,000. 
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Figure 9. Distribution of the Drought coefficient (DC) at the end of August/beginning of September 2019. 
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Figure 10. Distribution of the Drought coefficient (DC) at the end of August/beginning of September 2020. 
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Figure 11. Spectral profiles of the individual land cover classes (LCCs) differently affected by drought: (a) pastures and natural grasslands; (b) broadleaved forests; (c) coniferous forests; (d) mixed forests; (e) transitional woodlands/shrubs. The Drought coefficient (DC) classes presents the differently affected by drought point locations (point-based validation). 
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Figure 12. Linear regression analyses for the independent Drought coefficient (DC) and dependent (a) modified Moisture Stress Index (MSI2) and (b) modified Plant Senescence Reflectance Index (PSRI2). 
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Figure 13. Share of the area of distribution (in %) of the Normalized Multi-band Drought Index (NMDI) and the Drought coefficient (DC) for the different land cover classes (LCCs) above and below 900 m. a.s.l. in the studied area. 
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Figure 14. Distribution of Drought coefficient (DC) in the western Balkan range in the middle of August (a), at the beginning of September (b), and in the middle of September (c); scale 1:400,000. 
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Table 1. CCC of selected climatic elements between the periods 1961–1990 and 1989–2018.
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	Climatic Element
	Change in Lovech (%)
	CCC Lovech
	Change in Sofia (%)
	CCC Sofia





	Annual mean maximum air temperature
	8.4
	10
	7.9
	9



	Annual mean minimum air temperature
	16.4
	5
	17.6
	5



	Number of ice days
	−15.9
	5
	−13.6
	5



	Number of tropical nights
	200
	4
	220
	5



	Mean number of days per year with snow cover
	−6
	1
	11
	2



	Mean number of days per year with precipitation above 1 mm
	3
	1
	−3.3
	1



	Average change
	
	4.3
	
	4.5







Note: According to Matev (2020) [28].
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Table 2. Acquisition dates of Sentinel-2 satellite images and characteristics of spectral bands used in the study [31].






Table 2. Acquisition dates of Sentinel-2 satellite images and characteristics of spectral bands used in the study [31].












	Acquisition Dates
	Band
	Spectral Region
	Central Wavelength (μm)
	Ground Sampling Distance (m)





	7 August 2019
	B1
	
	0.443
	60



	12 August 2019
	B2
	Blue
	0.49
	10



	31 August 2020
	B3
	Green peak
	0.56
	10



	
	B4
	Red
	0.665
	10



	1 September 2019
	B5
	Red edge
	0.705
	20



	16 September 2019
	B6
	Red edge
	0.74
	20



	
	B7
	Red edge
	0.783
	20



	
	B8
	NIR
	0.842
	10



	
	B8A
	NIR narrow
	0.865
	20



	
	B9
	
	0.945
	60



	
	B10
	
	1.375
	60



	
	B11
	SWIR
	1.61
	20



	
	B12
	SWIR
	2.19
	20
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Table 3. Characteristics of the variables used in the final step of the validation process.
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	Variable
	Sensor
	Data of Acquisition
	Spatial Resolution





	DC
	Sentinel-2
	1 September 2019
	100 m



	PSRI2
	Sentinel-2
	1 September 2019
	10 m



	NMDI
	Sentinel-2
	1 September 2019
	10 m



	MSI2
	Sentinel-2
	1 September 2019
	10 m



	NMDI
	Landsat-8 (OLI)
	28 August 2019
	30 m



	MSI2
	Landsat-8 (OLI)
	28 August 2019
	30 m



	GDMP
	PROBA-V
	31 August 2019
	300 m



	FCover
	PROBA-V
	31 August 2019
	1 km



	LAI
	PROBA-V
	31 August 2019
	1 km
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Table 4. Distribution of the drought coefficient (DC) classes within the land cover classes (LCCs) in the studied area.
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DC Classes

	
LCCs in % of Studied Area

	
Average Area for the Representative DC Class for the Studied Period in 2019, in %




	
231/321 *

	
324 *

	
311 *

	
312 *

	
313 *






	
LCCs in % of studied area

	
16.8

	
16.6

	
48.0

	
4.8

	
13.8

	




	
<2

	
1.4

	
1.4

	
4.1

	
0.4

	
1.2

	
8.5




	
2–4

	
4.1

	
4.0

	
11.7

	
1.2

	
3.4

	
24.3




	
4–6

	
4.1

	
4.0

	
11.7

	
1.2

	
3.4

	
24.3




	
6–8

	
3.3

	
3.3

	
9.5

	
1.0

	
2.7

	
19.9




	
8–10

	
2.6

	
2.6

	
7.4

	
0.7

	
2.1

	
15.5




	
>10

	
1.3

	
1.3

	
3.6

	
0.4

	
1.0

	
7.6








* 231/321—pastures and grasslands; 324—transitional woodlands and shrubs; 311—broadleaved forests; 312—coniferous forests; 313—mixed forests.
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Table 5. Change in the area of the respective Drought coefficient (DC) by periods—in %.






Table 5. Change in the area of the respective Drought coefficient (DC) by periods—in %.





	
DC

	
From the Early August to the Mid-August

	
From the Mid-August to the Early September

	
From the Early September to the Mid-September






	
Pastures and Natural Grasslands




	
<2

	
0.5

	
1.9

	
−0.1




	
2–4

	
−4.6

	
−8.8

	
−2.9




	
4–6

	
−1.8

	
−8.4

	
−2.9




	
6–8

	
1.1

	
3.0

	
−1.6




	
8–10

	
2.8

	
7.2

	
2.7




	
>10

	
1.9

	
5.2

	
4.9




	
Transitional Woodlands/Shrubs




	
<2

	
2.4

	
5.1

	
2.5




	
2–4

	
−5.9

	
−4.2

	
−3.3




	
4–6

	
0.4

	
−6.7

	
−1.7




	
6–8

	
1.6

	
2.4

	
0.9




	
8–10

	
1.0

	
2.4

	
0.9




	
>10

	
0.4

	
1.0

	
0.9




	
Broadleaved forests




	
<2

	
2.2

	
16.2

	
12.0




	
2–4

	
−5.5

	
−8.2

	
−11.0




	
4–6

	
2.6

	
−9.2

	
−1.6




	
6–8

	
0.5

	
0.7

	
0.3




	
8–10

	
0.1

	
0.4

	
0.2




	
>10

	
0.0

	
0.2

	
0.1




	
Coniferous Forests




	
<2

	
15.5

	
10.6

	
2.2




	
2–4

	
−13.0

	
−7.0

	
−1.4




	
4–6

	
−3.1

	
−4.5

	
−1.0




	
6–8

	
0.0

	
0.0

	
−0.1




	
8–10

	
0.3

	
0.5

	
0.0




	
>10

	
0.2

	
0.5

	
0.2




	
Mixed Forests




	
<2

	
5.4

	
13.5

	
6.9




	
2–4

	
−3.9

	
−5.7

	
−5.5




	
4–6

	
−2.1

	
−8.8

	
−1.8




	
6–8

	
0.3

	
0.4

	
0.3




	
8–10

	
0.2

	
0.3

	
0.1




	
>10

	
0.1

	
0.2

	
0.1
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Table 6. Spectral indices values of the individual land cover classes (LCCs) differently affected by drought: pastures and natural grasslands; broadleaved forests; coniferous forests; mixed forests; transitional woodlands/shrubs. The Drought coefficient (DC) classes presents the differently affected by drought point locations (point-based validation).






Table 6. Spectral indices values of the individual land cover classes (LCCs) differently affected by drought: pastures and natural grasslands; broadleaved forests; coniferous forests; mixed forests; transitional woodlands/shrubs. The Drought coefficient (DC) classes presents the differently affected by drought point locations (point-based validation).





	
Spectral Index

	
Drought Coefficient (DC) Class






	

	
Pastures and Natural Grasslands




	

	
<2

	
2–4

	
4–6

	
6–8

	
8–10

	
>10




	
MSI

	
0.54

	
0.72

	
0.73

	
1.41

	
1.51

	
1.68




	
MSI2

	
0.21

	
0.28

	
0.31

	
0.81

	
0.89

	
0.98




	
NDVI705

	
0.44

	
0.38

	
0.39

	
0.13

	
0.13

	
0.00




	
NMDI

	
0.57

	
0.48

	
0.47

	
0.44

	
0.40

	
0.35




	
PSRI

	
−0.13

	
−0.10

	
−0.14

	
−0.02

	
−0.01

	
0.07




	
PSRI2

	
0.07

	
0.09

	
0.06

	
0.16

	
0.15

	
0.20




	

	
Broadleaved Forests




	

	
<2

	
2–4

	
4–6

	
>6

	
n/a

	
n/a




	
MSI

	
0.40

	
0.54

	
0.50

	
0.51

	
n/a

	
n/a




	
MSI2

	
0.15

	
0.17

	
0.19

	
0.22

	
n/a

	
n/a




	
NDVI705

	
0.56

	
0.53

	
0.55

	
0.50

	
n/a

	
n/a




	
NMDI

	
0.62

	
0.55

	
0.57

	
0.54

	
n/a

	
n/a




	
PSRI

	
−0.15

	
−0.16

	
−0.13

	
−0.10

	
n/a

	
n/a




	
PSRI2

	
0.03

	
0.02

	
0.04

	
0.06

	
n/a

	
n/a




	

	
Coniferous Forests




	

	
<2

	
2–4

	
>4

	
n/a

	
n/a

	
n/a




	
MSI

	
0.44

	
0.55

	
0.58

	
n/a

	
n/a

	
n/a




	
MSI2

	
0.16

	
0.18

	
0.20

	
n/a

	
n/a

	
n/a




	
NDVI705

	
0.47

	
0.56

	
0.51

	
n/a

	
n/a

	
n/a




	
NMDI

	
0.63

	
0.59

	
0.55

	
n/a

	
n/a

	
n/a




	
PSRI

	
−0.25

	
−0.15

	
−0.13

	
n/a

	
n/a

	
n/a




	
PSRI2

	
−0.02

	
0.03

	
0.05

	
n/a

	
n/a

	
n/a




	

	
Mixed Forests




	

	
<2

	
2–4

	
>4

	
n/a

	
n/a

	
n/a




	
MSI

	
0.54

	
0.51

	
0.50

	
n/a

	
n/a

	
n/a




	
MSI2

	
0.15

	
0.15

	
0.16

	
n/a

	
n/a

	
n/a




	
NDVI705

	
0.51

	
0.56

	
0.59

	
n/a

	
n/a

	
n/a




	
NMDI

	
0.60

	
0.58

	
0.58

	
n/a

	
n/a

	
n/a




	
PSRI

	
−0.23

	
−0.21

	
−0.12

	
n/a

	
n/a

	
n/a




	
PSRI2

	
0.00

	
−0.01

	
0.03

	
n/a

	
n/a

	
n/a




	

	
Transitional Woodlands/Shrubs




	

	
<2

	
2–4

	
4–6

	
6–8

	
>8

	
n/a




	
MSI

	
0.45

	
0.57

	
0.67

	
1.07

	
0.76

	
n/a




	
MSI2

	
0.16

	
0.21

	
0.28

	
0.49

	
0.34

	
n/a




	
NDVI705

	
0.46

	
0.44

	
0.43

	
0.18

	
0.38

	
n/a




	
NMDI

	
0.63

	
0.53

	
0.52

	
0.40

	
0.46

	
n/a




	
PSRI

	
−0.26

	
−0.08

	
−0.13

	
−0.06

	
−0.13

	
n/a




	
PSRI2

	
−0.03

	
0.06

	
0.06

	
0.19

	
0.09

	
n/a
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Table 7. Correlation coefficients (in %) between the individual Drought coefficient (DC) classes in the studied semi-natural territories and the spectral indices used in the validation process.






Table 7. Correlation coefficients (in %) between the individual Drought coefficient (DC) classes in the studied semi-natural territories and the spectral indices used in the validation process.





	Spectral Index
	Forest Ecosystems
	All Semi-Natural Territories





	MSI
	53.3
	66.7



	MSI2
	86.7
	90.5



	NMDI
	66.7
	76.2



	NDVI705
	46.7
	61.9



	PSRI
	60.0
	61.9



	PSRI2
	86.7
	71.4
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Table 8. Correlation coefficients (in %) between the environmental indicators and the spectral indices used in the area-based validation process.






Table 8. Correlation coefficients (in %) between the environmental indicators and the spectral indices used in the area-based validation process.














	
	DC
	NMDI-S2
	NMDI-L8
	PSRI2-S2
	MSI2-S2
	MSI2-L8





	FCover
	27.2
	41.9
	37.6
	42.5
	45.1
	42.8



	LAI
	28.8
	45.3
	40.9
	46.3
	44.9
	39.9



	GDMP
	34.4
	50.5
	44.1
	51.8
	55.9
	59.2
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