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Highlights 
What are the main findings? 

• Repeated large-scale dieback of subalpine grasslands, which are the priority habitats for nature 
conservation, is driven by drought extremes and winter frost events on shallow soils, with 
spatial patterns strongly controlled by local geomorphology. 

• Dieback episodes differ in duration and in the subsequent capacity of vegetation to recover. 

What are the implications of the main findings? 

• Observed diebacks likely represent an early signal of broader climate-driven changes in 
subalpine ecosystems of Central Europe. Although currently spatially limited, they may expand 
under ongoing global change and therefore require targeted monitoring and adaptive 
conservation management. 

• Long-term satellite-based monitoring has proven effective for tracking dieback dynamics and 
identifying areas suitable for targeted restoration measures. 

Abstract 

Subalpine grasslands represent highly sensitive ecosystems that are increasingly exposed to climate 
extremes, yet their long-term disturbance dynamics remain poorly documented. This study 
investigates climate-driven dieback of subalpine grasslands in Central Europe using a harmonized, 
multi-decadal satellite time series. We analyzed Landsat (TM, ETM+, OLI, OLI-2) and Sentinel-2 
imagery spanning 1984–2024 to detect changes in grassland condition, supported by field-based 
validation, climatic indices, and geomorphological analysis. Several spectral indices related to non-
photosynthetic vegetation were evaluated, with the Normalized Burn Ratio (NBR) showing the 
highest ability to discriminate dead grassland biomass from live vegetation. Retrospective mapping 
revealed four distinct dieback events since 2000, comprising two short-term episodes with rapid 
within-season recovery and two long-term events characterized by persistent degradation and slow 
regeneration. Dieback timing corresponded closely with climatic extremes, particularly droughts of 
varying duration, while winter frost under shallow soil conditions likely contributed to long-term 
damage in some cases. Geomorphological analysis indicated that wind exposure, elevation, and 
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terrain convexity strongly modulate dieback susceptibility, highlighting the importance of fine-scale 
environmental controls. Our results demonstrate the value of long-term, multi-sensor satellite 
observations for detecting and interpreting climate-driven disturbances in subalpine grasslands and 
provide a transferable framework to support monitoring and conservation of mountain ecosystems 
under ongoing climate change. 

Keywords: subalpine grasslands; grassland dieback; climate extremes; Landsat; Sentinel-2; time 
series analysis; non-photosynthetic vegetation; mountain ecosystems; Central Europe; 
geomorphological controls 
 

1. Introduction 

Alpine and subalpine ecosystems are among the most vulnerable to global change, primarily 
due to their limited and fragmented spatial distribution, confinement to higher elevations, and the 
overall adaptation of mountain species to cool and moist environmental conditions, especially in the 
temperate zone of Europe [1–3]. Particularly dramatic transformations may be observed in subalpine 
habitats of mid-latitude mountain ranges, such as the Sudetes, where subalpine grasslands form the 
highest vegetation belt. The ongoing progression of global warming [4] is inducing significant 
alterations in subalpine ecosystems, most notably triggering an upward shift of the treeline, which is 
primarily constrained by temperature [1,5]. This, in turn, is already contributing to a decline in the 
extent of treeless habitats [6,7], along with structural and functional modifications within them. These 
include the upward movement of species distributions [8], compositional shifts in subalpine 
communities [9–12], changes in plant physiology and reproduction [13,14], and variations in nutrient 
cycling and microbial activity [15,16]. 

In addition to rising temperatures, climate change is modifying precipitation patterns [17], 
increasing the frequency, magnitude, and duration of extreme events such as droughts [18], and 
reducing the accumulation of winter snowpack [19]. Historically, alpine and subalpine ecosystems 
have not been regularly exposed to drought conditions [20], and the comparatively lower drought 
resistance of subalpine grasslands may be attributed to their shallower rooting systems relative to 
forests. As a result, persistent soil moisture deficits may lead to severe water stress, declines in 
productivity, and potential dieback of grassland vegetation [21]. Additionally, diminished snow 
depth may lead to more severe soil freezing, increasing the risk of freezing damage to perennial 
vegetative structures [22,23]. 

Initially, the effects of reduced snow cover and early snowmelt [24–26], as well as extreme 
droughts [27–29], were extensively investigated in alpine and subalpine habitats, typically through 
manipulative experiments. These experiments have demonstrated that alpine grasslands may suffer 
severe declines in vitality, even leading to dieback [30]. 

Over the past two decades, reports of severe drought events in Central Europe have begun to 
emerge, underscoring their substantial impact on grassland vegetation. This recent dry period has 
been assessed as extraordinary in the context of the last two millennia [31]. In the Czech Republic, 
numerous episodes of early vegetation season (April–June) soil drought have been indicated using 
soil water balance model SoilClim [32,33], some of those fulfilling the conditions for being labeled as 
“flash droughts”, causing rapid decrease of soil water content in topsoil layer within only few weeks 
[34]. A notable reduction in primary productivity across Europe was documented already during the 
2003 European heatwave [35]. Significant community composition changes were observed in 
mountain Nardus grasslands in the Rhön Mountains, Germany [36], following the severe summer 
droughts of 2015 [37] and 2018–2019 [38]. The impact of the same event on lowland grasslands was 
assessed via remote sensing in northeastern Germany [39], revealing a substantial increase in the non-
photosynthetic fraction of grassland cover, particularly on less productive, sandy soils. The extreme 
drought of 2022 [40] caused notable dieback of dominant perennial grasses in open sandy grasslands 
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in Hungary [41]. Prior to this, drought-induced dieback was reported in alpine Poa grasslands in 
Australia in 2007 [42]. 

Repeated dieback in subalpine grasslands in the Hrubý Jeseník Mountains, Czech Republic, was 
first reported by local conservation authorities (see Figure 1). Subsequent research focused on 
assessing vegetation changes associated with dieback [43], evaluating management approaches 
aimed at accelerating regeneration [44], and investigating historical long-term land-use conditions 
that may have contributed to the current state of subalpine grassland ecosystems [45]. 

 

Figure 1. Patches of dead subalpine grassland on the Velký Máj summit, Hrubý Jeseník Mountains, June 2021: 
(a) overview of affected area; (b) detail of dead vegetation. Photographs by Radim Hédl. 

Remote sensing techniques offer extensive opportunities for monitoring vegetation cover 
dynamics in both near-real-time and retrospective analyses. This is particularly effective through 
indicators of non-photosynthetic biomass coupled with change detection methods. Specifically, the 
non-photosynthetic vegetation fraction (NPV) can be effectively indicated using a variety of spectral 
vegetation indices, collectively referred to as NPV indices. These have been addressed in numerous 
studies, many of which employ spectral unmixing methods (either regression-based or in 
combination with synthetic training data derived from spectral libraries) to differentiate NPV from 
bare soil and photosynthetic vegetation (PV) fractions [46–50]. Most NPV indices are designed to 
detect either the presence or absence of chlorophyll, primarily using red, red-edge, and near-infrared 
(NIR) bands [51,52]; or vegetation water-content deficits, using shortwave infrared (SWIR) bands 
[53,54]. Notably, a generalized framework for drought monitoring in Central European grasslands 
using Sentinel-2 time series was proposed by Kowalski et al. [55], building on the previously 
developed Normalized Difference Fraction Index (NDFI) [39]. Although the applicability of specific 
NPV indices may vary by site, the studies demonstrate that NPV index-based detection of dead 
phytomass in grasslands can serve as a robust indicator for examining extreme vegetation changes. 
Since the NPV/PV fraction ratio is also influenced by phenological cycles characterized by seasonal 
grassland growth and senescence, utilizing time series of multi- and hyperspectral imagery, rather 
than single-date images, can greatly enhance our ability to distinguish irreversible changes such as 
dieback from regular seasonal variability [48,56–58]. 

In this study, we pursued three main scientific objectives: 

• To identify the most suitable Non-Photosynthetic Vegetation (NPV) index for detecting dieback 
in subalpine grasslands of the Hrubý Jeseník Mountains. 

• To perform a retrospective analysis using archival satellite imagery to determine the onset and 
progression of dieback events, their spatial localization and extent, as well as the post-event 
recovery dynamics of subalpine grasslands. 
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• To evaluate the influence of climate extremes and geomorphology on the spatiotemporal 
distribution of dieback events, including the relative contribution of factors to explaining the 
phenomenon. 

2. Materials and Methods 

2.1. Study Area 

The study area is situated in the southern part of the Hrubý Jeseník Mountains in northeastern 
Czech Republic. This mountain range represents the second-highest massif in the country and forms 
part of the Sudetes. The investigated area is restricted to the treeless section of the main mountain 
ridge, which extends from southwest to northeast and encompasses the highest peaks of the range at 
an altitude of approximately 1330 to 1491 m above sea level. The location and spatial extent of the 
study area are shown in Figure 2. 

 

Figure 2. Study area with location of field points used for the field validation of land cover categories (1 – 
unvegetated, 2 – dead grassland, 3 – windswept grassland, 4 – dense grassland). 

The current treeline in the Hrubý Jeseník Mountains lies at approximately 1,250–1,300 m a.s.l. 
Above this elevation, the ridge is characterized by convex or plateau-like summits separated by 
concave saddles. The geological substrate is dominated by metamorphic rocks, primarily phyllites 
with minor occurrences of metadolerites, locally overlain or intermixed with deluvial sediments 
(https://mapy.geology.cz/arcgis/rest/services/Pudy/pudni_typy50/MapServer?f=jsapi). Soils across 
the ridge are strongly acidic (pH in H2O varies from 3.5 to 4 in A horizons) and consist mainly of 
shallow, skeletal rankers and podzols. Peat bogs occur locally, most notably on the summit plateau 
of Velký Máj and in some saddle depressions. Soil depth is generally limited, rarely exceeding 40 cm 
even in saddle areas, and is particularly shallow in the southwestern part of the ridge near Břidličná, 
where depths of only 4–6 cm have been documented. 

Climatic conditions in the study region reflect pronounced recent warming trends caused by the 
ongoing anthropogenic climate change. According to Dolák et al. [59], mean annual air temperature 
increased from 1.0 °C during the period 1961–1990 to 2.0 °C, or even 2.2 °C, according to Lipina and 
Šustková [60] in 1991–2020. Warming has been more pronounced during summer than in the winter. 
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Long-term mean annual precipitation (1991–2020) ranges from 1,180 mm at 1,300–1,400 m a.s.l. to 
1,254 mm above 1,400 m a.s.l. 

Vegetation above the upper treeline is dominated by three native habitat types. Siliceous short 
subalpine grasslands, habitat type 6150 in Natura 2000 classification, occur on flat mountain tops in 
climatically most extreme conditions. They are entirely dominated by three grass species: Avenella 
flexuosa, Festuca supina and Nardus stricta. The short subalpine grasslands are prone to sudden dieback 
and therefore subject of the present study. Subalpine tall grasslands, part of the habitat type 6430, are 
dominated by grasses Calamagrostis villosa and Luzula luzuloides, less frequently by Luzula sylvatica. 
Alpine dwarf-shrub vegetation, part of the habitat type 4060, is dominated by Calluna vulgaris, 
Vaccinium myrtillus and V. vitis-idaea. Parts of the ridge are additionally occupied by stands of the 
non-native dwarf pine Pinus mugo, which are currently being removed under conservation 
management. A fine-scale mosaic of other vegetation types is present, including raised bogs, rocky 
outcrops and screes, springs, tall-forb and fern communities in depressions, and occasional sparse 
tree cover [61]. The entire area has been protected as part of the Jeseníky Landscape Protected Area, 
Praděd National Nature Reserve and Site of Community Importance. 

2.2. Climate Data 

Climatological variables relevant to the study area, including mean daily air temperature and 
the Standardized Precipitation Evapotranspiration Index (SPEI), were extracted for the Hrubý Jeseník 
region from gridded datasets of the SoilClim soil water balance model in horizontal resolution of 500 
m [33,62] whose calculations use in-situ measurements from the Czech Hydrometeorological 
Institute (CHMI). 

Mean daily temperature was used to determine the onset of the growing season, defined as the 
first day of a five-day period with mean temperature exceeding 5 °C [63]. This definition enabled 
alignment and comparison of seasonal index trajectories among years and dieback episodes. Drought 
conditions were characterized using SPEI computed over 3-, 6-, and 12-month accumulation 
windows (SPEI-3, SPEI-6, and SPEI-12); in this study, declines below −1 were considered indicative 
of moderate or severe drought. These indices were used to assess the temporal correspondence 
between water balance deficits and observed dieback events. 

2.3. Construction of a Harmonized Multi-Sensor Surface Reflectance Time Series (1984–2024) 

To quantify the onset, extent, and temporal dynamics of subalpine grassland dieback, we 
constructed a harmonized multi-decadal time series of multispectral satellite imagery from Landsat 
(TM, ETM+, OLI, OLI-2) and Sentinel-2 (MSI A/B) surface reflectance products covering the period 
1984–2024. These missions provide long-term temporal continuity combined with spatial resolutions 
suitable for retrospective monitoring of the spatially limited treeless zone of the Hrubý Jeseník 
Mountains. 

We generated a spectrally harmonized four-band dataset (Red, NIR, SWIR1, SWIR2) by 
combining (i) analysis-ready surface reflectance (SR) collections with per-pixel quality screening and 
(ii) cross-sensor spectral harmonization to a common reference sensor. Landsat SR data were 
obtained from the USGS Landsat Collection 2 Level-2 SR products, and Sentinel-2 SR data were 
obtained from the COPERNICUS/S2_SR_HARMONIZED collection in Google Earth Engine (GEE). 
Spectral harmonization followed the “virtual constellation” concept of NASA’s Harmonized Landsat 
and Sentinel-2 (HLS) framework, which aims to make multi-sensor observations directly comparable 
by reducing systematic differences caused by sensor-specific bandpasses and processing chains 
[64,65]. Unlike standard HLS products, which are distributed on a common 30 m grid and limited to 
the Sentinel-2 era, our implementation adopted HLS-consistent spectral harmonization while 
preserving each sensor’s native spatial resolution and acquisition metadata for subsequent analyses 
and exports. 
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All image collections were filtered to the study area and restricted to the vegetation season (1 
May–30 September). Scenes with excessive cloudiness were excluded using scene-level cloud 
metadata, applying a maximum cloud cover threshold of 30%. 

Digital numbers were converted to unitless surface reflectance values prior to masking and 
harmonization. Landsat Collection 2 Level-2 SR was scaled using the USGS-provided factor and 
offset [66]: 

ρ = (DN × 0.0000275) − 0.2 (1) 

Sentinel-2 SR bands in the COPERNICUS/S2_SR_HARMONIZED collection are scaled by 10,000, and 
reflectance was obtained as: 

ρ = DN / 10,000 (2) 

Clouds, cloud shadows, cirrus, and sensor artefacts were masked using the quality assurance layers 
provided with each product. For Landsat, masking relied on the QA_PIXEL and QA_RADSAT bands, 
while for Sentinel-2, QA60 and the Scene Classification Layer (SCL) were used. 

All reflectance measurements were harmonized to an OLI-equivalent spectral reference, with 
Landsat 8/9 used as the reference sensor, consistent with HLS practice where OLI bandpasses serve 
as the baseline for MSI adjustments. All harmonization transformations were applied after 
conversion to physical surface reflectance units. 

For Sentinel-2 MSI, we applied the official HLS bandpass adjustment (SBAF-style) linear 
transformation: 

ρλOLI = aλρλMSI + bλ (3) 

where the coefficients aλ and bλ are band-specific, provided separately for Sentinel-2A and Sentinel-
2B, and derived from synthetic OLI and MSI reflectances generated by convolving hyperspectral 
(Hyperion) spectra with sensor spectral response functions [65]. 

To reduce discontinuities between Landsat 7 ETM+ and Landsat 8/9 OLI within the long-term 
time series, we applied published ordinary least squares (OLS) cross-sensor transformation functions 
for surface reflectance [67]. Landsat 5 TM reflectance was transformed using the same correction 
coefficients as ETM+, as these sensors are spectrally similar in the VNIR–SWIR region. 

Outputs were produced at each sensor’s native surface reflectance pixel size: Landsat reflective 
bands at 30 m; Sentinel-2 reflective bands at 20 m: upscaled Red, SWIR1, SWIR2, and NIR using band 
B8A, consistent with the HLS configuration. Each processed acquisition was clipped to the area of 
interest and exported as a per-date multiband GeoTIFF containing the harmonized four-band 
reflectance stack (Red, NIR, SWIR1, SWIR2). 

All preprocessing was implemented in the Google Earth Engine Code Editor 
(https://code.earthengine.google.com). The GEE JavaScript code developed for this workflow, is 
available via GitHub (https://github.com/olkachalova/subalpine_diebacks). The final dataset 
comprised 214 analysis-ready, harmonized four-band images spanning August 1984 to September 
2024. 

2.4. Selection, Validation, and Thresholding of the Optimal NPV Index 

Among the large number of spectral indices proposed for detecting non-photosynthetic 
vegetation (NPV) [68,69], we restricted the candidate set to indices that are cross-sensor compatible, 
i.e., computable using bands available across Landsat 5–9 and Sentinel-2: red, near-infrared (NIR), 
shortwave infrared 1 (SWIR1), and shortwave infrared 2 (SWIR2). The final set of candidate indices 
is listed in Table 1. 

Table 1. Candidate NPV-related indices for detecting subalpine grassland dieback, compatible with Landsat 5, 
7, 8, 9 and Sentinel-2 sensors. 
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Abbreviation Index formulation Reference 
DFI DFI=100×(1−(SWIR2/SWIR1))×(Red/NIR) [70] 

NDWI NDWI = (NIR – SWIR1) / (NIR + SWIR1) [71] 
NBR NBR = (NIR − SWIR2) / (NIR + SWIR2) [72] 

NDVI NDVI = (NIR − Red) / (NIR + Red) [73] 
NDSVI NDSVI = (SWIR1 – Red) / (SWIR1 + Red) [74] 
MSI(1) MSI(1) = SWIR1 / NIR [75] 
MSI(2) MSI(2) = SWIR2 / NIR [75] 
NDTI NDTI = (SWIR1 − SWIR2) / (SWIR1 + SWIR2) [76] 

STI STI = SWIR1 / SWIR2 [76] 

To validate the performance of the candidate indices, field reference data were collected in July 
2022. Homogeneous polygons representing four land cover classes were delineated: (1) dead 
grassland; (2) semi-open, windswept grasslands dominated by Avenella flexuosa; (3) dense grasslands 
dominated by Festuca supina and/or Nardus stricta; and (4) non-vegetated surfaces (screes, trails, rocks, 
built-up features, and recently removed vegetation under experimental management). Validation 
polygons were digitized using GPS, each with a minimum size of 20 × 20 m (corresponding to the 
Sentinel-2 SWIR spatial resolution) and located at sufficient distance from neighboring vegetation 
types to minimize mixed-pixel effects. Non-vegetated areas were digitized using RGB orthophotos. 

Validation polygons were subsequently converted to points according to a common Sentinel-
2/Landsat computational grid in 10 m resolution, which was used to extract pixel values from the 
images. In total, 807 validation points were generated; their spatial distribution is shown in Figure 2. 

For validation, NPV index values were calculated from the harmonized Sentinel-2 image 
acquired on 19 July 2022 and the Landsat 9 image acquired on 21 July 2022, representing the closest 
available dates to the field survey. Index distributions were compared among land cover classes using 
analysis of variance (ANOVA) and Cohen’s d effect sizes. Given the large sample size, effect sizes 
were used to assess practical separability among classes. The index that most strongly separated dead 
grassland from windswept healthy grassland was selected as the primary metric for retrospective 
dieback mapping, as both classes are characterized by relatively low index values. 

Boxplots illustrating the performance of individual NPV indices in distinguishing dead 
grasslands from other land cover types are shown in Figure 3. Overall, all nine tested indices 
demonstrated statistically significant separation among the land cover classes. However, the 
Normalized Burn Ratio (NBR) showed the highest Cohen’s d values for separating dead grassland 
from windswept grassland (Table 2) and was therefore selected for historical grassland dieback 
detection. 
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Figure 3. Boxplots of NPV index values for four land cover classes: (1) unvegetated surfaces, (2) dead grassland, 
(3) windswept grassland, and (4) dense grassland. Boxes indicate the interquartile range (Q1–Q3), horizontal 
lines represent medians, and whiskers extend to 1.5× the interquartile range. Numeric labels denote Q1–Q3 
values. Statistical significance of pairwise differences among classes was evaluated using Tukey’s HSD test (*** 
p < 0.001). 

Table 2. Absolute Cohen’s d effect sizes for pairwise comparisons between land cover classes. 

NPV index 
Cohen’s d (absolute values) 

unvegetated vs dead dead vs windswept windswept vs dense 
NBR 1.51981 3.79886 2.08758 
MSI2 1.41773 3.77823 2.07653 

NDWI 0.69399 3.43319 1.79646 
MSI1 0.71761 3.33757 1.80475 
NDTI 2.36804 3.26404 1.83914 

STI 2.54613 3.13174 1.79815 
NDVI 2.20674 2.93388 1.73470 

NDSVI 2.35602 1.89167 1.32456 
DFI 0.59534 1.76564 1.33966 

Considering that some areas affected by the 2019 dieback had already initiated regeneration by 
2022, potentially influencing index values, NBR thresholds for detecting dead grassland were defined 
in the range [0.28–0.40], corresponding to the 95th percentile of the unvegetated class and the 95th 
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percentile of the dead grassland class. As the 25th percentile of the windswept grassland class was 
approximately 0.55 and its distribution exhibited a slight lower-tail skew, an intermediate threshold 
range of [0.40–0.50] was defined to represent vegetation with partial damage or ongoing recovery. 
Because this transitional category was not explicitly sampled during field surveys, it should be 
regarded as an interpreted class rather than a fully validated land cover type. 

Consequently, the NBR index was calculated for all images in the time series. Index images were 
then masked using the grassland extent layer and classified according to the defined thresholds for 
dead and partially damaged or regenerating grassland. The resulting classes were vectorized, and 
detected dieback patches were overlaid with spatial layers of management interventions to exclude 
areas affected by mowing or turf removal from being falsely classified as dieback. This stage of 
geospatial processing and map visualization was performed locally using Python scripts in ArcGIS 
Pro. Maps were produced using ArcGIS Pro 3.6 software. The complete workflow is summarized in 
Scheme 1. 

 

Scheme 1. Workflow for grassland diebacks detection and mapping. 

2.5. Geomorphological Feature Analysis 

To identify geomorphological controls on the spatial distribution of grassland dieback, we 
combined binary logistic regression with Random Forest classification and feature-importance 
analysis. Terrain predictors were derived from the Digital Terrain Model of the Czech Republic, 5th 
Generation (DMR 5G), with a spatial resolution of 5 m and mean vertical errors of 0.18 m in open 
terrain and 0.30 m in forested areas. The dataset is provided by the Czech Office for Surveying, 
Mapping and Cadastre (ČÚZK) via its Geoportal under an open data license. Elevation grid from 
DEM was resampled to a common Sentinel-2/Landsat computational 10 m grid using bilinear 
interpolation to align with imagery. Topographic variables in 10 m resolution were computed using 
SAGA v8.2.2 [77]. 

All analyses were performed in Python 3.12.7. To reduce multicollinearity, predictors showing 
strong pairwise correlations (|R| ≥ 0.8) were excluded prior to modelling. The retained predictor set 
included elevation, slope, eastness and northness (sine and cosine of aspect), total curvature, plan 
curvature, profile curvature, convexity, topographic position index (TPI), flow accumulation, wind 
exposition index, and the SAGA Wetness Index (TWI-SAGA), a modification of the standard 
Topographic Wetness Index using an alternative catchment area formulation. Eastness and northness 
were used to represent aspect as continuous variables while avoiding circularity. 
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The response variable was defined as a binary indicator of dieback, distinguishing areas 
exhibiting total dieback (1) from unaffected grasslands (0). Areas showing partial dieback or clear 
regeneration were excluded to reduce ambiguity in class assignment. 

Logistic regression was fitted as a generalized linear model with binomial error distribution and 
logit link, implemented via the Logit class in the statsmodels Python package. An intercept term was 
included by adding a constant to the predictor matrix. Model fit was evaluated using log-likelihood, 
McFadden’s pseudo-R2, and a likelihood ratio test against a null model. 

To capture potential nonlinear relationships and interactions among predictors, a Random 
Forest classifier was additionally applied. Data was split into training (75%) and test (25%) subsets 
using stratified random sampling to preserve class proportions. The classifier was implemented in 
scikit-learn (RandomForestClassifier) using 500 trees (n_estimators = 500) and a fixed random seed 
(random_state = 42). Predictor importance was quantified as the mean decrease in Gini impurity 
across the ensemble, normalized, ranked, and visualized using horizontal bar plots. 

2.6. Declaration on the Use of Artificial Intelligence 

The authors used large language model-based artificial intelligence tools (OpenAI ChatGPT 
versions 5.1 and 5.2) for language editing, refinement and troubleshooting of JavaScript and Python 
code, improvement of the visual quality and design of figures, and verification of compliance with 
the journal requirements. The authors take full responsibility for the content of the manuscript and 
confirm that artificial intelligence tools were not used to generate or change original data, interpret 
results, or draw scientific conclusions. All content was carefully reviewed and validated by the 
authors to ensure accuracy and integrity. 

3. Results 

3.1. Retrospective Detection and Mapping of Dieback Events 

A dieback event was defined as a distinct decline in NBR values into the range indicative of dead 
biomass, following a prior exceedance of this threshold, or as a failure to return above the threshold 
after the 50th day of the growing season. This temporal criterion was established based on inspection 
of long-term NBR trajectories, allowing delayed seasonal greening to be excluded while still 
capturing early-season dieback. 

A series of maps was generated based on NBR threshold values distinguishing total dieback and 
partial dieback or regeneration. This enabled retrospective identification of the timing and spatial 
extent of individual dieback events. 

During the reference period 1984–1999, NBR values remained within the range of normal 
seasonal variability, and no dieback events were detected. The first dieback was observed in 2000. 
Since then, four distinct events have been identified: 

• Two short-term events (2000, 2003) characterized by rapid desiccation of grassland vegetation 
followed by regeneration mainly within the same growing season. These events likely affected 
primarily aboveground biomass, with root systems remaining mainly intact. 

• Two long-term events (2012, 2019) involving complete dieback of grass cover and accumulation 
of undecomposed biomass, resulting in multi-year persistence of degraded conditions and slow 
regeneration. 

A summary of identified dieback events and subsequent regeneration dynamics is provided in 
Table 3. In years when no substantial within-season dieback dynamics were observed, the reference 
date corresponds to the best-quality satellite observation acquired during the middle of the 
vegetation season (July–early August). In years with pronounced intra-seasonal 
dieback/regeneration dynamics, multiple reference dates are presented to capture the temporal 
evolution of dieback and recovery. Given the limitations associated with the threshold-based 
approach, the estimated affected areas should be interpreted as approximate and indicative rather 
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than exact. The spatial extent of dieback-affected areas since 2000 is shown in Figure 4. Annual maps 
illustrating degradation and regeneration dynamics are provided in the Supplementary Materials 
(Figure S1). 

Table 3. Estimated area (ha) of total dieback (T) and partial dieback/regeneration (P) of subalpine grasslands by 
locality, for individual dieback events and post-event years between 2000 and 2024. 

Dieback 
event 

Year 
Locality 

Pecný- 
Břidličná 

Jelení hřbet Velký Máj Vysoká hole In total 

Reference 
date 

T P T P T P T P T P 

I (short-
term) 

 

2000a 22-Jun 3.72 3.70 0.45 6.57 3.97 13.81 9.43 20.56 17.57 44.64 

2000b 2-Aug 0.61 3.56 0.00 1.34 0.00 1.35 0.99 12.50 1.60 18.75 

  2000c 18-Aug 0.00 0.45 0.00 0.17 0.00 0.00 0.18 6.94 0.18 7.56 
  2001 28-Jul 0.00 0.00 0.00 0.00 0.02 1.63 0.00 0.00 0.02 1.63 
  2002 24-Aug 0.00 3.30 0.00 1.39 0.00 4.72 0.09 14.76 0.09 24.17 

II (short-
term) 

 

2003a 23-Jun 6.17 4.58 19.34 14.53 4.43 16.46 12.25 61.38 42.19 96.95 

2003b 11-Aug 0.27 7.48 8.27 8.75 0.63 20.29 1.24 29.31 10.41 65.83 

  2004 29-Aug 0.00 0.12 0.18 2.87 0.00 0.05 0.00 3.25 0.18 6.29 
  2005 30-Jul 0.00 0.00 0.00 0.36 0.00 0.01 0.00 0.18 0.00 0.55 
  2006 17-Jul 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.05 
  2007 5-Aug 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.05 
  2008 31-Aug 0.00 0.00 0.00 0.00 0.00 0.23 0.00 1.08 0.00 1.31 
  2009a 17-Jul 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.09 
  2009b 2-Aug 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.04 
  2010 21-Aug 0.00 0.47 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.56 
  2011 29-Jun 0.00 0.00 0.00 0.00 0.00 0.14 0.00 0.09 0.00 0.23 

III (long-
term) 

 

2012a 23-Jun 3.88 2.42 0.00 0.00 0.00 0.04 0.00 6.38 3.88 8.84 

2012b 4-Sep 3.98 1.75 0.00 0.09 0.00 0.66 0.00 4.95 3.98 7.45 

  2013 29-Jul 2.72 3.43 0.00 0.18 1.33 4.36 0.00 0.45 4.05 8.42 
  2014 9-Aug 1.83 1.51 0.00 0.00 0.00 0.00 0.00 0.00 1.83 1.51 
  2015 20-Aug 1.73 3.65 0.00 0.00 0.00 0.00 0.00 0.00 1.73 3.65 
  2016 21-Jul 1.52 1.06 0.00 0.00 0.00 0.09 0.00 0.00 1.52 1.15 
  2017 1-Aug 1.36 1.28 0.00 0.00 0.00 0.00 0.00 0.03 1.36 1.31 
  2018a 5-Jul 1.24 1.26 0.00 0.00 0.00 0.41 0.00 0.00 1.24 1.67 
 2018b 9-Aug 8.64 3.26 0.16 20.41 2.68 32.01 0.51 53.88 11.99 109.56 

IV (long-
term)  

 

2019a 25-Jul 0.28 1.64 9.83 4.24 17.46 11.54 0.00 0.25 27.57 17.67 

2019b 31-Aug 2.14 7.22 4.82 11.21 11.61 15.54 1.74 35.18 20.31 69.15 

  2020 31-Jul 2.08 3.20 0.00 0.20 1.43 2.88 0.00 0.01 3.51 6.29 
  2021 15-Aug 0.28 0.68 0.00 0.12 0.90 2.86 0.00 0.13 1.18 3.79 
  2022 5-Aug 0.16 1.27 0.00 0.50 0.80 2.70 0.00 1.82 0.96 6.29 
  2023 25-Aug 0.00 3.76 0.00 2.55 0.54 4.50 0.00 5.55 0.54 16.36 
  2024 12-Aug 0.00 1.31 0.00 0.73 0.16 2.06 0.00 2.57 0.16 6.67 
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Figure 4. Spatial extent of four subalpine grassland dieback events: 2000 (a), 2003 (b), 2012 (c), and 2019 (d). 

Figure 5 shows the recurrence of diebacks (repeated observations of dead grassland) at 
individual locations over the study period (2000–2024). The number of years with observed dieback 
ranges from 1 to 11. This measure is not ordinal and does not represent continuous duration, but 
rather the frequency (recurrence) of dieback events through time. 
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Figure 5. Duration of dieback persistence at specific locations during the study period (2000–2024). 

Where available, detected dieback patches were visually confirmed (see Figures 6 and 7) using 
archival orthophotos provided by the Czech Office for Surveying, Mapping and Cadastre (ČÚZK) 
via its Geoportal, as well as the orthophoto layer available through the Mapy.cz online mapping 
service. 

 
Figure 6. Subalpine grassland dieback in 2003: (a) RGB orthophoto from August 2003 (source: Mapy.cz © 
Seznam.cz, a.s. and partners); (b) Normalized Burn Ratio (NBR) derived from Landsat 5 imagery acquired on 11 
August 2003, resampled to a 5 m grid for visualization purposes. 
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Figure 7. Subalpine grassland dieback in 2012: (a) RGB orthophoto acquired on 19 August 2012 (source: Czech 
Office for Surveying, Mapping and Cadastre, ČÚZK); (b) Normalized Burn Ratio (NBR) derived from Landsat 
7 imagery (composite of 16 June and 11 September 2012), resampled to a 5 m grid for visualization purposes. 

3.2. Seasonal Changes in NBR Values 

Seasonal trajectories of NBR values, aligned by day of the growing season, are shown in Figure 
8 for dieback-affected grasslands at four localities: Pecný–Břidličná, Jelení hřbet, Velký Máj, and 
Vysoká hole. The onset of the growing season, derived from daily mean air temperature (SoilClim), 
is provided in Supplementary Materials (Table S1). 

Curves represent mean NBR values for areas ever affected by total dieback at each locality, with 
shaded bands indicating the 25th–75th percentile range. Missing observations caused by cloud cover 
were linearly interpolated between adjacent dates, and a 5-day moving window was applied to 
smooth each curve. The black curve represents the reference seasonal trajectory derived from the 
period 1984–1999. Colored curves show deviations during years affected by dieback. Owing to the 
limited number of cloud-free observations in 2012, interpretation of within-season dynamics for that 
year is constrained. Dashed horizontal lines indicate threshold values for dead grassland and 
damaged or regenerating vegetation. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 February 2026 doi:10.20944/preprints202602.0992.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.0992.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 27 

 

 
Figure 8. Seasonal trajectories of mean NBR values for grasslands affected by dieback at four localities (a) to (d). 
Shaded areas indicate the interquartile range. The black curve represents the reference period (1984–1999), while 
coloured curves correspond to individual dieback years. Horizontal dashed lines indicate NBR thresholds used 
to classify dead and damaged vegetation. 

Across all localities, years affected by dieback show clear deviations from the reference seasonal 
NBR trajectory, particularly during the early and mid-growing season. In 2000 and 2003, NBR values 
frequently remained below the damaged or dead thresholds for extended periods; however, recovery 
of grassland vegetation is evident toward the end of the growing season in 2000. The 2012 dieback 
episode was largely confined to, and most intense at, the Pecný–Břidličná locality. In 2019, 
pronounced early-season declines were observed at Jelení hřbet and Velký Máj, whereas the other 
localities were less affected. Overall, the responses differed among localities, highlighting site-specific 
sensitivity to dieback processes. 

3.3. Role of Geomorphological Factors 

The relative importance of geomorphological variables was evaluated using Random Forest 
modelling and binary logistic regression (Figure 9). Both modelling approaches revealed consistent 
patterns of predictor importance. Elevation and wind exposition emerged as the most influential 
variables. Elevation showed a strong negative relationship with dieback probability, indicating lower 
susceptibility at higher elevations. In contrast, wind exposition exhibited a positive effect, suggesting 
increased vulnerability in more exposed locations. 
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Additional influential predictors included slope and total curvature, indicating a preference for 
dieback occurrence on relatively gentle, convex landforms such as flattened or weakly convex ridge 
tops. As suggested in, for example, [78], the positive contribution of the SAGA Wetness Index should 
be interpreted with caution: in this topographic context, higher wetness index values primarily reflect 
low slope angles rather than actual soil moisture accumulation. Thus, elevated wetness index values 
likely indicate summit positions with shallow soils and limited water retention capacity rather than 
persistently moist conditions. 

 

Figure 9. (a) Relative importance of geomorphological predictors derived from Random Forest classification; (b) 
Standardized coefficients from binary logistic regression indicating the direction and strength of relationships 
between predictors and dieback occurrence. 

3.4. Role of Climate Extremes 

Our results show that the occurrence of subalpine grassland dieback is closely aligned with 
pronounced declines in the Standardized Precipitation–Evapotranspiration Index (SPEI) (Figure 10), 
supporting the interpretation that water balance deficits represent a primary driver of this 
phenomenon. 

During the 2000 event, NBR values remained suppressed within the range interpreted as 
substantial vegetation damage until approximately day 100 of the growing season, and patches 
classified as total dieback developed at Vysoká hole and Pecný–Břidličná. However, SPEI indices 
during this period did not show a marked decline, except for short-term SPEI-3 in the second half of 
the vegetation season. This combination suggests that the 2000 episode was not primarily driven by 
long-term soil drought caused by accumulated water balance deficits, but rather by a short-lived yet 
intense climatic stressor, potentially including a heatwave or a brief topsoil moisture deficit (i.e., flash 
drought) not captured by the aggregated SPEI accumulation windows. 
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Figure 10. Standardized Precipitation–Evapotranspiration Index (SPEI-3, SPEI-6, and SPEI-12) in a weekly step 
(a); and the annual extent of total and partial subalpine grassland dieback/regeneration (b). 

In contrast, the 2003 event coincided with a clear and sustained decline in SPEI-3, SPEI-6, and 
SPEI-12, indicating prolonged drought conditions. In agreement with reports documenting 
widespread drought impacts across the Czech Republic [44], dieback in 2003 affected the entire ridge 
system, with particularly large areas on Jelení hřbet. Vegetation remained dry until late in the 
growing season, and regeneration became evident only after drought conditions weakened toward 
the end of the season. 

The dieback in 2012 began at the very start of the growing season at Pecný–Břidličná, indicating 
that grassland vegetation failed to emerge from winter dormancy. During this period, SPEI indices 
also declined, and in addition, extremely low air temperatures (down to −25 °C over a two-week 
period) recorded in the preceding February may have played an important role. At dieback sites in 
the Pecný–Břidličná area, soils are extremely shallow (<10 cm); under severe frost and a probable 
deficit of insulating snow cover, this likely led to soil freezing and frost heave, detaching the surface 
soil layer together with vegetation and damaging root systems. Subsequent drought conditions 
probably intensified this effect, resulting in the persistence of dieback patches at this site for more 
than a decade. 

Another long-term water balance deficit occurred in 2015, as indicated by a prolonged decline 
in SPEI-12; however, SPEI-3 and SPEI-6 exhibited short-term increases, suggesting that locally the 
drought was neither as prolonged nor as severe and was likely interrupted by precipitation events. 
During this period, no new dieback events were detected, but areas undergoing regeneration after 
the 2012 dieback experienced renewed stress and partial degradation. 

The most severe drought occurred in 2018 and extended through almost the entire 2019 growing 
season. During this period, renewed degradation of previously regenerating grasslands in the Pecný–
Břidličná area began already at the end of 2018, and a new episode of long-term dieback developed 
at Velký Máj. Extensive damage persisted throughout 2019. Regeneration began more intensively in 
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2020 on the summit of Velký Máj, whereas recovery in its southern part was considerably slower, 
with remnants of dry, undecomposed litter still observed there in 2024. 

Drought conditions were also recorded in the middle of the 2022 growing season; however, their 
impact on vegetation at the local scale was relatively minor, leading mainly to partial senescence in 
areas that had been affected previously. 

4. Discussion 

Our results indicate that dieback of subalpine grasslands in the Hrubý Jeseník Mountains began 
around the year 2000 and has recurred intermittently since then. Across events, dieback manifested 
as rapid senescence of grassland vegetation during the growing season, affecting spatially extensive 
patches. In 2000 and 2003, dieback was short-lived and recovery occurred by the end of the same or 
the following growing season, suggesting that plant belowground organs largely remained viable 
and that stress primarily affected aboveground biomass. This interpretation is consistent with other 
studies indicating that some grassland dieback during climatic extremes reflects reversible dormancy 
rather than irreversible mortality. For example, during a severe hot drought in the Alps in 2013, alpine 
grasses lost approximately 80% of green cover, yet it remained unclear how much of this loss 
represented true mortality versus protective senescence to conserve water [79]. 

Most temperate grassland species are perennials with extensive belowground buds, rhizomes, 
or meristems, which often survive aboveground dieback. Following drought, dormant buds on grass 
tillers or roots can rapidly produce new shoots once moisture conditions improve [80]. Thus, 
observed aboveground dieback does not necessarily imply recolonization from seed; in many cases, 
vegetation can regenerate from existing belowground organs, leading to rapid recovery once stress 
subsides. 

In contrast, the dieback events in 2012 and 2019 likely also affected plant regeneration organs, 
resulting in the persistence of a layer of dry, weakly decomposed litter and, consequently, a 
substantially slower recovery process extending over several years. In lowland temperate grasslands, 
Yu et al. [81] reported that most grassland types recovered within five months following drought 
during a four-year experimental drought in a C3-dominated grassland in northeastern China. 
Subalpine grasslands, however, operate under much stronger seasonal constraints: the effective 
growing season is limited to approximately 100 days, leaving little time for recovery after severe 
disturbance. Prolonged or repeated droughts may therefore progressively degrade the regenerative 
capacity of these systems. Supporting this view, a recent global experiment demonstrated that 
extreme multi-year drought caused substantially greater productivity losses and slower recovery 
than a single-year drought [82]. 

In addition to climatic anomalies, local geomorphological conditions play a significant role in 
determining the likelihood of grassland dieback, as demonstrated by our geomorphological analysis. 
The most important factors promoting dieback were wind exposure, terrain convexity (narrow ridges 
versus extensive plateaus), and proximity to local summits. Similar patterns have been reported from 
other mountain regions, where vegetation on convex or elevated microsites is more prone to drought-
induced damage than vegetation in concave, water-accumulating positions. For example, a drought-
impact survey on Australia’s Bogong High Plains found that subalpine shrubs growing on the 
shallowest soils (rock outcrops and knolls) experienced the most severe dieback during a summer 
drought, whereas the same species on deeper valley soils largely survived [83]. 

The strong influence of wind is intuitive. Wind-exposed areas dry rapidly due to enhanced 
evapotranspiration, particularly where soil depth is very shallow. At the same time, such locations 
are strongly affected by snow redistribution during winter and may experience reduced snow 
accumulation, resulting in lower spring soil moisture availability. Moreover, wind-exposed slopes 
are especially prone to winter drought injury. On convex, wind-blown terrain with little or no 
snowpack, vegetation is directly exposed to frigid air and desiccating winds. Snowpack distribution 
plays a crucial role in alpine plant survival, creating sharp contrasts in freezing stress and season 
length between convex and concave microsites over distances of only a few meters [3]. Loss of 
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insulating snow cover during cold, dry spells can therefore trigger widespread dieback. In coastal 
and boreal heathlands, an extreme “frost drought” event in 2014 led to massive dieback of Calluna 
vulgaris across exposed sites following an extended period of sub-zero temperatures with minimal 
snow or precipitation [84]. As noted above, we hypothesize that frost damage may have amplified 
the effects of the subsequent summer drought during the 2012 event. 

Elevation above sea level was another key factor, showing a strong negative relationship with 
dieback probability. Higher elevations are generally characterized by lower mean temperatures and 
higher moisture availability, which may still provide conditions suitable for subalpine grassland 
persistence. This interpretation is consistent with the absence of observed dieback on the nearby 
summit of Praděd (1491 m a.s.l.) and in the Krkonoše Mountains, where subalpine grasslands occur 
at higher elevations, on broader plateau-like surfaces, and often on north-facing slopes that are less 
exposed to wind. 

The apparent positive importance of the Topographic Wetness Index should be interpreted 
cautiously and likely reflects a known limitation of TWI-based metrics, which tend to overestimate 
moisture accumulation in flat or gently sloping terrain. In this context, higher TWI values primarily 
indicate the tendency of dieback sites to occur near local summits with low slope angles rather than 
genuinely higher soil moisture availability. Due to shallow soil depth in these positions, drainage 
may still be rapid, with infiltrating water moving downslope and re-emerging as springs at lower 
elevations. 

Climatic and geomorphological drivers therefore operate in a complex interplay and manifest 
differently at fine spatial scales, explaining why dieback events did not occur synchronously along 
the entire mountain ridge but instead emerged locally and repeatedly at different sites. A similar role 
of microtopography and habitat mosaics in buffering grasslands against extreme drought has been 
reported by Gyalus et al. [41]. These findings suggest that local microclimatic conditions are key 
determinants of subalpine grassland resilience yet remain difficult to assess due to the scarcity of fine-
scale environmental data. 

To address this limitation, we established a network of microclimatic sensors to monitor 
aboveground, surface, and belowground (root-zone) temperature and soil moisture. In addition, the 
local meteorological observation network was expanded by installing three additional meteorological 
mini stations along the main ridge of the Hrubý Jeseník Mountains. These high-resolution, long-term 
observations will provide a foundation for future analyses of microclimatic controls on soil moisture 
dynamics and grassland vitality. 

Climatic anomalies and geomorphological factors are unlikely to be the sole drivers of subalpine 
grassland dieback in the Jeseníky Mountains; land management practices also play an important role. 
Historically, subalpine treeless areas and grasslands were maintained through grazing and mowing, 
as is still common in parts of the Carpathians. Following World War II, these practices largely ceased 
in the Jeseníky Mountains, leading to changes in vegetation structure and species composition [85] 
as well as to the accumulation of undecomposed aboveground biomass. Wild ungulates do not fully 
compensate for the effects of historical livestock management. Accumulated phytomass, particularly 
when heated and desiccated, may impede water infiltration and root growth, thereby exacerbate soil 
moisture deficits and increasing susceptibility to dieback [86]. For example, long-term field 
experiments in subalpine meadows have shown that regular defoliation (simulated grazing) limits 
litter accumulation and maintains higher soil water infiltration rates [87]. Similarly, a study 
conducted in Austrian mountain grasslands demonstrated that land-use intensity alters drought 
responses of plant–soil systems, with pasture-managed grasslands allocating carbon differently and 
recovering more rapidly after drought than grasslands under low-intensity management [88]. 
Experimental evaluation of alternative management strategies, including grazing, mowing, or turf 
removal, therefore represents an important direction for future research. 

The dieback of subalpine grasslands documented in this study likely represents early evidence 
of broader ecosystem changes driven by ongoing climatic trends. Mean annual air temperature in the 
Jeseníky region has already increased by approximately 1.5 °C over the past 150 years and reached 
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an average of 2.2 °C during the period 1991–2020 [60]. Climate projections suggest a further increase 
to approximately 5.7 °C by 2100 under the SSP2-4.5 scenario, or up to 8.3 °C under SSP5-8.5 [89]. 
Although projected changes in total annual precipitation remain uncertain, ranging from slight 
decreases to increases of approximately 200 mm yr−1 relative to 1991–2020, a shift in seasonal 
precipitation distribution and an increased frequency and duration of extreme droughts and 
heatwaves are expected, particularly after 2060 [89]. 

The satellite-based monitoring methodology developed in this study, together with ongoing and 
planned investigations of microclimatic processes and ecosystem responses, provides a robust 
framework for detecting, interpreting, and anticipating subalpine grassland dieback. This approach 
can support evidence-based management and conservation of vulnerable mountain grassland 
ecosystems in Central Europe under future climate change. 

5. Conclusions 

This study demonstrates that multi-decadal satellite time series can be effectively used to detect, 
characterize, and interpret dieback dynamics of subalpine grasslands in mid-latitude mountain 
environments. By integrating long-term multisensor satellite observations with field-based 
validation, climatic indices, and high-resolution geomorphological data, we provide the first 
comprehensive reconstruction of grassland dieback events in the treeless zone of the Hrubý Jeseník 
Mountains. 

Among the tested spectral indices, the Normalized Burn Ratio (NBR) showed the highest ability 
to discriminate dead grassland biomass from live vegetation and non-vegetated surfaces. Thresholds 
derived from field observations enabled consistent detection of total dieback and partial damage or 
regeneration across a harmonized Landsat–Sentinel-2 time series spanning four decades. This 
approach revealed four distinct dieback episodes since 2000, comprising two short-term events (2000, 
2003) followed by rapid within-season recovery, and two long-term events (2012, 2019) associated 
with prolonged degradation and slow regeneration. 

The temporal patterns of dieback correspond closely with climatic extremes, particularly 
droughts of varying duration and intensity, while the 2012 event additionally highlights the potential 
role of winter frost damage under conditions of shallow soils and reduced snow insulation. These 
findings indicate that subalpine grasslands may respond to different types of climatic stress through 
distinct dieback trajectories, ranging from transient aboveground damage to persistent ecosystem 
degradation. 

Geomorphological analysis further showed that dieback susceptibility is strongly modulated by 
local terrain characteristics. Wind exposure, elevation, and terrain convexity emerged as key 
predictors, indicating that dieback preferentially occurs on exposed, gently sloping ridge-top areas 
with shallow soils. This underscores the importance of fine-scale topographic controls and 
microclimatic variability in shaping grassland resilience to climatic extremes. 

Overall, the observed dieback events likely represent early signals of broader ecosystem changes 
driven by ongoing climate warming and increasing climate variability. The satellite-based framework 
developed in this study provides a robust and transferable tool for monitoring grassland dieback and 
recovery dynamics in mountain regions. When combined with in situ microclimatic observations and 
experimental management interventions, this approach can support adaptive conservation strategies 
aimed at maintaining the ecological integrity of vulnerable subalpine grassland ecosystems under 
future climate scenarios. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Figure S1: Dynamics of subalpine grassland diebacks and regeneration; Table S1: 
Onset of the growing season across the subalpine grassland extent in the Hrubý Jeseník Mountains, derived 
from mean daily air temperature (SoilClim); Table S2: List of geomorphological variables, derived from DEM; 
Figure S2: Cross-correlation matrix of geomorphological variables showing significant correlations (p < 0.05). 
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ANOVA Analysis of variance 
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ČÚZK Czech Office for Surveying, Mapping and Cadastre 

DEM Digital elevation model 

DFI Dead Fuel Index 

ETM+ Enhanced Thematic Mapper Plus 
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HLS Harmonized Landsat and Sentinel-2 framework 

INSPIRE Infrastructure for Spatial information in the European Community 

L(5,7,8,9) Landsat (5,7,8,9) 

MSI Moisture Stress Index 

MSI A/B Multispectral Imager A/B 

NASA The National Aeronautics and Space Administration 

NBR Normalized Burn Ratio 

NDFI Normalized Difference Fraction Index 

NDSVI Normalized Difference Senescent Vegetation Index 

NDTI Normalized Difference Tillage Index 

NDVI Normalized Difference Vegetation Index 

NDWI Normalized Difference Water Index 

NIR Near infrared 

NPV Non-Photosynthetic Vegetation 

OLI Operational Land Imager 

PV Photosynthetic Vegetation 

RGB Red, Green, Blue 

RMSE Root Mean Squared Error 

S2 Sentinel-2 

SCL Scene Classification Layer 

SPEI Standardized Precipitation Evapotranspiration Index 

STI Soil Tillage Index 

SWIR Short-wave infrared 

TM Thematic Mapper 

TPI Topographic Position Index 

TWI Topographic Wetness Index 

USGS United States Geological Survey 
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