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Abstract
Grasslands provide important ecosystem services to society, including biodiversity, 
water security, erosion control, and forage production. Grasslands are also vulnerable 
to droughts, rendering their future vitality under climate change uncertain. Yet, the 
grassland response to drought is not well understood, especially for heterogeneous 
Central European grasslands. We here fill this gap by quantifying the spatiotempo-
ral sensitivity of grasslands to drought using a novel remote sensing dataset from 
Landsat/Sentinel- 2 paired with climate re- analysis data. Specifically, we quantified 
annual grassland vitality at fine spatial scale and national extent (Germany) from 1985 
to 2021. We analyzed grassland sensitivity to drought by testing for statistically ro-
bust links between grassland vitality and common drought indices. We furthermore 
explored the spatiotemporal variability of drought sensitivity for 12 grassland habitat 
types given their different biotic and abiotic features. Grassland vitality maps revealed 
a large- scale reduction of grassland vitality during past droughts. The unprecedented 
drought of 2018–2019 stood out as the largest multi- year vitality decline since the 
mid- 1980s. Grassland vitality was consistently coupled to drought (R2 = .09–.22)	
with Vapor Pressure Deficit explaining vitality best. This suggests that high atmos-
pheric water demand, as observed during recent compounding drought and heatwave 
events, has major impacts on grassland vitality in Central Europe. We found a signifi-
cant increase in drought sensitivity over time with highest sensitivities detected in pe-
riods of extremely high atmospheric water demand, suggesting that drought impacts 
on grasslands are becoming more severe with ongoing climate change. The spatial 
variability of grassland drought sensitivity was linked to different habitat types, with 
declining sensitivity from dry and mesic to wet habitats. Our study provides the first 
large- scale, long- term, and spatially explicit evidence of increasing drought sensitivi-
ties of Central European grasslands. With rising compound droughts and heatwaves 
under climate change, large- scale grassland vitality loss, as in 2018–2019, will thus 
become more likely in the future.
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1  |  INTRODUC TION

Grasslands are one of the largest biomes globally, covering up 
to 40% of the terrestrial land area (O'Mara, 2012) and providing 
livelihood to millions of people (Gibson, 2009). They further are 
important carbon sinks (Chang et al., 2015; Dangal et al., 2020), 
as well as global hotspots of biodiversity (Mittermeier et al., 2011; 
Wilsey, 2018). One region with particular high abundance and 
diversity of semi- natural and agriculturally improved grasslands 
is Central Europe. The grassland systems of Central Europe 
deliver essential resources for livestock farming (Bengtsson 
et al., 2019), are rich biodiversity reservoirs (Habel et al., 2013; 
Wilson et al., 2012), and are important features of local cultural 
landscapes (Pellaton et al., 2022). Despite their importance, grass-
lands in Central Europe are already facing increasing pressures 
from meteorological extreme events, such as droughts (Ciais 
et al., 2005; Fu et al., 2020), which are expected to further accel-
erate under climate change (Hari et al., 2020; Spinoni et al., 2018). 
The years 2018 to 2020, for instance, have been characterized by 
extreme drought conditions across large parts of Central Europe, 
which	were	unprecedented	in	the	last	250 years	(Hari	et	al.,	2020; 
Rakovec et al., 2022). This recent drought episode has substan-
tially affected grassland productivity (Bastos et al., 2021) and im-
pacts on grasslands have likely been amplified by anthropogenic 
warming through a higher atmospheric water demand resulting 
from simultaneously low water availability and high temperatures 
(i.e., “hotter drought”; Samaniego et al., 2018; Teuling, 2018; Yin 
et al., 2023). For the second half of the 21st century, such com-
pounding drought and heatwave events are expected to affect up 
to 60% of Central European grasslands (Hari et al., 2020), high-
lighting the need for a well- founded and detailed understanding of 
how grasslands respond to drought under climate change.

Droughts, here defined as periods of unusually low water avail-
ability relative to the long- term average (Sheffield & Wood, 2011), 
can have significant impacts on the functioning of grasslands (Fu 
et al., 2020; Reichstein et al., 2007). Droughts, for instance, can 
change grassland community structure and diversity (Reynaert 
et al., 2021), decrease carbon uptake and thus grassland produc-
tivity (Felton & Goldsmith, 2023), and ultimately lead to hydraulic 
failure and plant mortality (Grossiord et al., 2020; Volaire, 2018). 
Grasses and forbs have a comparably low rooting depth, preventing 
them from reaching moisture in deeper soil layers during drought 
(Jackson et al., 1996) and they reduce transpiration later than other 
vegetation types (e.g., trees), causing accelerated soil water de-
pletion under continuous drought conditions (Teuling et al., 2010; 
Wolf et al., 2013). In experimental studies, declining productivity 
and plant mortality was frequently observed under different levels 
of precipitation exclusion (Gilgen & Buchmann, 2009; Hovenden 
et al., 2017; Mackie et al., 2019; Stampfli et al., 2018), and high 
temperatures additionally exacerbated plant mortality during long- 
lasting drought periods (Reynaert et al., 2021). High air temperatures 
have an amplifying effect on droughts, because evaporative demand 
increases, leading to faster depletion of soil moisture (Miralles 

et al., 2014). This, in turn, creates a feedback mechanism further in-
creasing air temperatures (Teuling, 2018), which has already been 
observed under past summer droughts (Teuling et al., 2010). Recent 
research highlights the important role increasing temperatures 
might play for drought impacts on grasslands under climate change. 
Yet, while those past studies have substantially improved our un-
derstanding of drought impacts on grassland systems, it is still un-
clear how well conclusions from those mostly experimental studies 
translate to real- world grassland systems, covering heterogeneous 
biophysical and land use conditions (Knapp et al., 2018; Kröel- Dulay 
et al., 2022). In fact, the response of grassland systems to drought 
might be modulated by a multitude of environmental factors, includ-
ing precipitation gradients (Huxman et al., 2004; Maurer et al., 2020), 
soil properties (Luna et al., 2023), topography (Buttler et al., 2019; 
Gharun et al., 2020), land management (Bütof et al., 2012; Karlowsky 
et al., 2018; Stampfli et al., 2018; Vogel et al., 2012), or the site- 
specific community composition of grassland habitats (Wellstein 
et al., 2017). To better understand the potentially complex impacts 
of past and future droughts on grassland systems, it is hence neces-
sary to characterize drought impacts on grasslands over long time 
periods and across large environmental gradients, complementing 
recent insights from controlled experiments.

Satellite remote sensing is a key tool for understanding im-
pacts of climate extremes on ecosystems across large scales 
(Felton & Goldsmith, 2023; Senf, 2022; West et al., 2019). In the 
case of grasslands, using dense time series of optical data covering 
several decades has been shown to be a promising approach for 
assessing drought impacts at national or even continental scales 
(Henebry, 2019), with coarse- scale remote sensing analyses reveal-
ing an immediate drought response of grasslands in Europe during 
recent drought periods (Chen et al., 2022, 2023; Ivits et al., 2014; 
Reinermann et al., 2019). Yet, the exact functional relationship 
between drought and grassland vegetation conditions remains 
still not empirically quantified, especially with respect to differ-
ent drought indices, compounding drought and heatwave events, 
and grassland habitats in variable environmental conditions. 
Remote	sensing-	based	vegetation	indices	such	as	the	Normalized	
Difference Vegetation Index or Enhanced Vegetation Index were 
often used to analyze drought responses of ecosystems, includ-
ing grasslands (Ivits et al., 2014; Reinermann et al., 2020). While 
those simple indices are practical proxies of photosynthetic ac-
tivity, they suffer from several drawbacks such as saturation ef-
fects and difficult interpretability (Huete et al., 2002; Montandon 
& Small, 2008). More recently, ground cover percentages of 
green (i.e., photosynthetically active) vegetation, dry (i.e., non- 
photosynthetic) vegetation, and soil have proven to be interpre-
table, physical measures of grassland conditions (Guerschman 
et al., 2020;	Lewińska	et	al.,	2020, 2021). Based on these ground 
cover types, Kowalski et al. (2022, 2023) developed a grassland 
monitoring framework using dense intra- annual Sentinel- 2 time se-
ries	at	10 m	spatial	resolution,	providing	physical	quantities	related	
to grassland vitality loss during drought. Grassland vitality loss is 
thereby defined as high percentage of dry, non- photosynthetic 
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vegetation	 (NPV)	 representing	 tissue	 dieback	 and	 a	 decrease	 in	
biomass	 growth.	 A	 high	 ground	 cover	 of	 photosynthetically	 ac-
tive vegetation (PV), in turn, indicates sustained biomass growth 
during the active growing season, which we define as grassland 
vitality gain. The original approach by Kowalski et al. (2022) based 
on Sentinel- 2 time series has recently been adopted to combined 
Sentinel- 2 and Landsat time series (Okujeni et al., 2024), which 
creates novel opportunities for quantifying grassland vitality over 
several	decades	(Landsat	provides	data	at	30 m	spatial	resolution	
since the 1980s) and across large spatial extents (e.g., national 
scale). Tapping into this data archive offers great potential for 
empirically quantifying how past droughts impacted grasslands in 
Central Europe, and thus to derive insights into the potential im-
pacts of future droughts under climate change.

Here, our aim was to assess the spatiotemporal sensitivity of 
grasslands to meteorological drought over four decades and at na-
tional scale using a unique remote sensing product of grassland vital-
ity (Okujeni et al., 2024). Our first objective was to map and quantify 
seasonal grassland vitality from 1985 to 2021 across all of Germany, 
where	grasslands	cover	4.7	million	ha	(DESTATIS,	2022) and are im-
portant from a social, ecological, and economic perspective (Huyghe 
et al., 2014). The second objective was to empirically quantify the 
sensitivity of grassland vitality to drought by (i) comparing a set of 
common drought indices for explaining the spatiotemporal variabil-
ity in grassland vitality and by (ii) testing whether the link between 
grassland vitality and drought varies temporally, i.e., over the past 
four decades and spatially, i.e., across different grassland habitats. 
Our expectation was that meteorological conditions associated with 
drought were the dominant drivers of seasonal grassland vitality in 
the past four decades, with indices of atmospheric water demand 
having the strongest effect on grassland vitality compared to indi-
ces quantifying solely low water availability. We also presumed that 
the most extreme drought seasons have the strongest influence on 
grassland vitality and that the drought sensitivity of grasslands would 
show an increasing trend over the past four decades. Moreover, we 
expected that drought effects vary among grassland habitats, with 
an increasing sensitivity from wet to mesic to dry grassland habitats.

2  |  MATERIAL AND METHODS

2.1  |  Grassland vitality from Landsat/Sentinel- 2 
time series

To assess seasonal grassland vitality and its relation to meteorologi-
cal drought, we used satellite- based time series of green vegetation, 
dry vegetation, and soil ground cover percentages for Germany. This 
fractional cover dataset was based on all available Sentinel- 2 and 
Landsat	 data	 at	 10	 and	 30 m	 spatial	 resolution,	 respectively;	 and	
included all stable grassland pixels in Germany from 1985 to 2021 
(Okujeni et al., 2024). Ground cover percentages provide a quantita-
tive measure of the main grassland components and reflect changes 
of grassland condition over time. Processes of land management, 

such as mowing or grazing, are captured as short- term decrease of 
the green vegetation cover with a quick recovery within a few days 
to weeks. During periods of limited water availability, the grassland 
response is captured by decreasing green vegetation fraction and 
simultaneous increase of dry vegetation and soil fractions (depend-
ing on vegetation cover density) over periods of several weeks to 
months (Kowalski et al., 2022, 2023). Based on ground cover per-
centages,	 we	 derived	 time	 series	 of	 the	 Normalized	 Difference	
Fraction	Index	(NDFI)	for	all	grasslands	in	Germany.	The	NDFI	was	
specifically developed to capture changes in grassland ground cover 
(Kowalski et al., 2022). By contrasting dry vegetation and soil rela-
tive	to	green	vegetation,	 the	NDFI	provides	a	physically	grounded	
indicator	 of	 grassland	 vitality	 over	 the	 growing	 season.	 The	NDFI	
varies	between	−1	and	1.	Positive	NDFI	values	correspond	to	domi-
nant dry vegetation or soil cover indicating low grassland vitality, 
whereas negative values indicate predominantly vital vegetation 
cover.	As	the	NDFI	introduced	by	Kowalski	et	al.	 (2022) requires a 
seasonal parameter which cannot be reliably derived for each year 
due to low observation frequencies of Landsat time series, we used 
a	simplified	version	of	the	NDFI:

where fNPV, fsoil, and fPV are the ground cover percentages between 
0%	 and	 100%	 for	 dry,	 non-	photosynthetic	 vegetation	 (NPV);	 soil;	
and green, photosynthetically active vegetation (PV), respectively 
(Kowalski et al., 2022).	The	NDFI	was	calculated	for	each	pixel	obser-
vation in the time series.

To	derive	grassland	vitality	from	NDFI	time	series,	we	first	resa-
mpled	all	NDFI	images	from	Sentinel-	2	with	10 m	spatial	resolution	
to	30 m	Landsat	resolution.	Next,	we	interpolated	the	NDFI	time	se-
ries to monthly time steps using Radial Basis Function Kernels. The 
interpolation step preserved temporal variation of grassland vital-
ity within the growing season while also filling observation gaps in 
years with lower observation frequencies (Schwieder et al., 2016). 
As	 the	 number	 of	 cloud-	free	 observations	 varied	 with	 space	 and	
time (Okujeni et al., 2024) and single observations can be influenced 
by grassland management, we used only grassland pixels with a min-
imum of two cloud- free observations between June and September. 
We	defined	grassland	vitality	as	 the	average	anomaly	 in	NDFI	be-
tween June and September. We chose this period to capture the 
response of grassland vitality to summer drought representing the 
dominant drought type in Central Europe (Markonis et al., 2021). 
Based on our definition, grassland vitality expresses the seasonal 
deviation from average conditions, thereby accounting for variabil-
ity in phenological development and productivity of different grass-
lands. Positive deviations represent a seasonal grassland vitality loss 
(i.e., higher than average soil and dry vegetation cover) and negative 
deviations represent a seasonal vitality gain (i.e., higher than average 
green vegetation cover):

NDFI =
fNPV + fsoil − fPV

fNPV + fPV + fsoil
,

grassland vitalityt =
1

k

k
∑

m=1

NDFIt,m − NDFIbasem ,
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where grassland vitality for year t is defined as the average monthly 
difference between NDFI and the long- term (1985–2021) average 
conditions NDFIbase of month m, including k = 4 months	 from	June	to	
September of year t.

2.2  |  Meteorological data

We	 downloaded	 ERA5-	Land	 monthly	 averaged	 data	 from	 the	
Copernicus Climate Change Service (C3S) for the years 1985 to 
2021 (Muñoz Sabater, 2019). We obtained time series of tempera-
ture, dewpoint temperature, total precipitation, potential evapora-
tion, and volumetric soil water. Based on these datasets, we derived 
anomalies of temperature, precipitation, soil moisture (average volu-
metric	soil	water	for	the	three	layers	from	0	to	100 cm	weighted	by	
layer depth), Climatic Water Balance (CWB; calculated as the differ-
ence between precipitation and potential evaporation), and Vapor 
Pressure Deficit (VPD; capturing the atmospheric water demand 
based on air temperature and dewpoint temperature, calculated 
following Barkhordarian et al. (2019)). We obtained time series of 
monthly anomalies by subtracting the mean of the average monthly 
time series from 1985 to 2021 from each monthly value and di-
viding by the standard deviation of the entire monthly time series 
(i.e., z- transformation). We calculated seasonal anomalies for each 
growing season as the mean of the monthly anomalies from June to 
September. Seasonal anomaly time series served as drought indices 
for the analyses.

2.3  |  Grassland habitat types

We	used	habitat	 probability	maps	based	on	 the	EUNIS	 (European	
Nature	 Information	 System)	 Habitat	 Classification	 as	 a	 proxy	 for	
the	 spatial	 distribution	 of	 grassland	 habitats	 in	 Germany.	 EUNIS	
provides a European- wide hierarchical classification system for 
terrestrial and marine habitats based on phytosociological vegeta-
tion types and additionally includes abiotic and geographic char-
acteristics (Chytrý et al., 2020; Davies et al., 2004).	EUNIS	habitat	
probability maps were modelled based on vegetation plot data of 
the	European	Vegetation	Archive	using	predictor	variables	captur-
ing climate, soil, topography, and remotely sensed land cover and 
phenology (Hennekens, 2023). From all habitat probability layers, 
we selected habitat types occurring in Germany from the relevant 
grassland habitat groups R1, R2, R3, and R4 (habitat names and 
codes	according	to	EUNIS2020,	refer	to	Table S1 for habitat codes 
according	to	EUNIS	2020	and	EUNIS2007;	Chytrý	et	al.,	2020). We 
excluded habitat types with very sparse vegetation cover which are 
unlikely to occur within the permanent grasslands we focused on. 
We finally retained 12 habitat probability layers (Table S1). From 
those, we selected the habitat type with the highest probability for 
every grassland pixel to obtain our final grassland habitat type map.

The four habitat groups were distributed spatially according 
to their environmental and biophysical conditions (Figure 1). Dry 

grasslands (R1) characterized by a low productivity and usually low 
management	intensities	(EEA,	2024) occur throughout eastern and 
Central Germany and to a smaller extent in western and southern 
regions. They are located in the most continental regions in east-
ern Germany and also in the central uplands in elevations up to 
1000 m a.s.l.	Most	dry	habitats	were	characterized	by	high	average	
summer temperatures and VPD (Figure 1b). Mesic grasslands (R2) 
grow on more fertile soils compared to dry grasslands including 
mesotrophic	to	eutrophic	areas	(EEA,	2024). They are abundant on 
the lowland coastlines in northwestern Germany, partly growing on 
organic	 soils	 and	 characterized	 by	 an	 Atlantic	 climate	 (Figure 1b). 
Mesic grasslands also spread to higher elevations with higher levels 
of summer precipitation towards southern regions including low and 
medium altitude hay meadows, as well as mountain hay meadows 
(Figure 1b). Wet and seasonally wet grasslands (R3) include season-
ally flooded or inundated grasslands that can be heavily modified and 
under intensive management (European Commission et al., 2016). 
These habitats are found in northern Germany along rivers and other 
water bodies, as well as along coastlines of the Baltic Sea, including 
areas with organic soils. The habitat group is also abundant in con-
tinental	 southeastern	 regions	 and	 in	 the	Alpine	 foreland	 in	higher	
elevations (Figure 1).	Alpine	and	subalpine	grasslands	(R4)	are	moun-
tainous grasslands covering only a small spatial extent in Germany 
(Figure 1a; Table S1).	They	occur	on	high	elevations	in	the	Alps	with	
the highest precipitation sums (Figure 1b). These grasslands usually 
grow	on	shallow	soils	and	are	partly	used	as	pastures	(EEA,	2024).

2.4  |  Sampling design

We based our drought sensitivity analysis on two large samples 
of Landsat/Sentinel- 2 pixels from the grassland vitality maps. For 
the	first	sample,	we	randomly	selected	10,000	pixels	from	all	30 m	
grassland pixels in Germany. We used this sample to analyze the re-
lationship of grassland vitality to several drought indices. We cre-
ated a second random sample stratified by habitat type to quantify 
drought sensitivities for different grassland habitat groups and 
types. For this sample, we randomly selected 500 pixels per habitat 
type, resulting in 6000 pixels overall. We introduced a minimum dis-
tance	of	100 m	between	pixels	to	reduce	spatial	autocorrelation	in	
both samples. For each pixel, we extracted seasonal grassland vital-
ity and corresponding meteorological drought indices (i.e., anoma-
lies of VPD, temperature, precipitation, CWB, and soil moisture). For 
the subsequent statistical analyses, we retained all samples with a 
maximum of 10 missing grassland vitality observations to reduce the 
potential influence of missing data.

2.5  |  Statistical analyses

We investigated the effect of meteorological drought on grassland 
vitality by building mixed effects models predicting grassland vital-
ity from each drought index, i.e., temperature, precipitation, soil 

 13652486, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17315, W

iley O
nline L

ibrary on [24/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  5 of 14KOWALSKI et al.

moisture, CWB, and VPD (Figure 2). Based on the best performing 
index, we built a second mixed effects model to investigate how 
drought sensitivity varied for different grassland habitat groups and 
habitat types. Models were built using the lme4 package in R (Bates 
et al., 2015; R Core Team, 2023). We included years and sample lo-
cations as random effects in our models to account for any tempo-
ral and spatial variability of grassland drought sensitivity. We kept 
a fixed intercept for the second random effect as grassland vitality 
measures the deviation from the samples average and is thus already 
standardized to the local conditions. We used marginal and condi-
tional R2 to assess the relation between grassland vitality and the 
five drought indices and to select the best performing index. We 
added habitat groups and habitat types as fixed effects to the model 
of the best performing index. We included interactions of the pre-
dictor with the drought index to test whether drought sensitivities 
are different between grassland habitat groups and between habitat 
types. To further investigate the temporal variation of drought sen-
sitivity, we built simple linear models based on data subsets from 

5- year moving windows using the best performing drought index as 
a predictor for grassland vitality (following a similar approach as Jiao 
et al., 2021; Li et al., 2024). We used the Theil- Sen estimator to de-
rive a trend estimate of drought sensitivity. To evaluate the robust-
ness of results obtained using 5- year time windows, we also tested 
10	and	15 years	as	aggregation	periods.

3  |  RESULTS

Grassland vitality varied between and within individual years in the 
period from 1985 to 2021 (Figure 3). Individual years with high vi-
tality losses were observed in 2003 and 2006 and two multi- year 
periods of high vitality loss occurred from 1989 to 1992 and from 
2018 to 2020 (Figure 3b). The years 2003 and 2018 stand out as the 
most severely affected years, translating into an average increase 
of +25.64% and +32.62% in soil and dry vegetation cover, respec-
tively. In several other years, vitality losses were limited to certain 

F I G U R E  1 Distribution	of	grassland	habitat	groups	for	the	study	area	of	Germany	(a;	habitat	probability	data	from	Hennekens,	2023) 
and	their	position	in	a	multivariate	environmental	space	derived	from	non-	metric	multidimensional	scaling	(NMDS)	ordination	using	an	
Euclidean	distance	matrix	(b).	The	habitat	map	was	aggregated	to	1 km	spatial	resolution	for	visualization	and	thus	represents	the	most	likely	
habitat	group	for	grasslands	in	the	grid	cell.	Environmental	variables	used	for	NMDS	comprise	mean	temperature,	precipitation,	and	Vapor	
Pressure Deficit (VPD) for summer months (see Section 2.2),	elevation	(NASA	JPL,	2013), continentality (calculated following Conrad, 1946), 
and presence of organic soil (Tegetmeyer et al., 2021). Map lines delineate study areas and do not necessarily depict accepted national 
boundaries.
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regions (e.g., northern Germany in 2009, southern Germany in 2015, 
and northwestern Germany in 1995 and 1996) while the remaining 
grasslands showed close to average vitality or even vitality gains 
(Figure 3a).

We found robust positive relationships between grassland vital-
ity and multiple drought indices, with marginal R2	ranging	from	 .09	
to .22 (Table 1). Hence, a substantial share of grassland vitality and 
its variability in both space and time are explained by drought con-
ditions. VPD showed the strongest relation to grassland vitality, ac-
counting for 22% of the seasonal variability, and CWB, temperature, 
precipitation, and soil moisture anomalies explained considerably 
less variance (Table 1).

Grassland vitality had a positive relation to VPD and tempera-
ture, indicating a decreasing grassland vitality with positive anom-
alies in temperature and atmospheric water demand (Figure 4; 
Figure S1). CWB, soil moisture, and precipitation showed negative 
correlations with grassland vitality, indicating increasing dry vege-
tation cover with lower water availability (Figure S1). The relation 
between grassland vitality and VPD, as well as CWB, were linear 
across the value range, whereas soil moisture, temperature, and 
precipitation showed indication of non- linear relations to grassland 
vitality (Figure S1). Moreover, we observed that the most extreme 
drought years, i.e., 2003, 2018, and 2019 (calculated as the high-
est seasonal anomalies considering the mean of all drought indices) 
trigger the strongest vitality loss across all drought indices (Figure 4; 
Figure S1). Supporting this, lower marginal R2 (i.e., considering only 
fixed effects) compared to conditional R2 (i.e., considering both fixed 
and random effects) indicate a substantial temporal as well as spatial 
variability in the relation between grassland vitality and meteorolog-
ical drought (Table 1).	As	VPD	showed	the	most	consistent	relation	
to grassland vitality in terms of a linear response and in terms of 

explained variance, we used VPD to further evaluate the spatiotem-
poral variability of grassland drought sensitivity.

Drought sensitivity to VPD varied over time from 1985 to 2021 
with a distinct increase beginning in the 2010s (Figure 5a). The high-
est sensitivities were reached in the last decade from 2012 to 2021. 
A	positive	trend	of	+0.003 (+0.002, +0.004) per year indicated that 
drought sensitivity increased over the past four decades. Moreover, 
higher drought sensitivities in 5- year time windows were linked con-
sistently to the occurrence of high VPD anomalies in the same period 
(Figure 5b) indicating that the occurrence of extreme droughts (e.g., 
in 2018–2019) drive the increasing sensitivity of grasslands to VPD.

The positive effect of VPD on grassland vitality was persistent 
after controlling for different habitat groups and types covering 
varying environmental gradients and community compositions of 
grasslands. Yet, we found that the strength of sensitivity to VPD 
anomalies varied significantly (Figure 6). Drought sensitivity of grass-
lands increased from alpine to wet to mesic to dry grasslands, and 
thus along a moisture gradient. While dry, mesic, and (seasonally) 
wet grasslands were similar in their group- level sensitivity (effects 
of 0.13–0.15), alpine and subalpine grasslands were least sensitive 
to VPD anomalies (Figure 6). Drought sensitivity variation between 
habitat types revealed large differences within habitat groups, ex-
cept for alpine and subalpine grasslands where effects were similar 
between the two habitat types.

4  |  DISCUSSION AND CONCLUSIONS

We here mapped and quantified grassland vitality at national scale 
over the past four decades based on high- resolution remote sens-
ing data. Our study revealed a high variability in grassland vitality in 
the years from 1985 to 2021, with grassland vitality fluctuating con-
siderably between individual years (e.g., 2006–2007, 2017–2018). 
Years with low grassland vitality matched well with known drought 
events, e.g., in 1992, 2003, 2015, and 2018 (Dirmeyer et al., 2021; 
Zink et al., 2016), confirming the direct response of Central European 
grassland systems to summer droughts (Buras et al., 2020). The 
multi- year drought event from 2018 to 2020 stood out with the 
most severe and longest anomalies of grassland vitality among all 
years from 1985 to 2021. Similarly severe conditions of low grass-
land vitality were only detected in the single- year drought event 
in 2003. We observed low grassland vitality in another multi- year 
drought event from 1989 to 1992. Yet, grassland vitality was consid-
erably closer to average in these years compared to the 2018–2020 
event. Thus, our maps revealed that the drought event from 2018 to 
2020 triggered an unprecedented decline of grassland vitality in the 
past four decades in terms of severity and duration.

Grassland vitality was consistently linked to meteorological 
anomalies	 over	 space	 and	 time.	 Among	 common	 drought	 indices,	
VPD explained variability in grassland vitality best. In line with this, 
we found that drought indices accounting for evaporative demand 
(i.e., VPD, temperature, and CWB) explained grassland vitality bet-
ter than drought indices accounting for only water availability (i.e., 

F I G U R E  2 Drought	indices	tested	for	their	effects	on	grassland	
vitality including anomalies of precipitation, air temperature, soil 
moisture, Climatic Water Balance (CWB, i.e., difference between 
precipitation and potential evapotranspiration), and Vapor Pressure 
Deficit (VPD, i.e., difference between actual and saturation water 
vapor pressure for specific air temperature). Grassland habitats 
characterized by different environmental conditions and grassland 
communities (right) potentially vary in their sensitivity to drought 
conditions.
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precipitation and soil moisture). Precipitation and soil moisture cap-
ture water availability, but do not explicitly account for interactions 
with atmospheric conditions relevant for vegetation response to 
drought (Grossiord et al., 2020). Our findings hence corroborated 
previous studies, indicating that not only lack of precipitation but 
compounding high temperatures are a critical factor to which grass-
lands in Central Europe respond most strongly during droughts (De 
Boeck et al., 2011, 2016; Reynaert et al., 2021).	Almost	a	quarter	of	

the variability in grassland vitality was explained by VPD anomalies 
in the same year, demonstrating that grasslands react to summer 
drought without a major time lag, as is found, e.g., in forest systems 
(Buras et al., 2020; Reichstein et al., 2007; Senf & Seidl, 2018; Stampfli 
et al., 2018). We integrated observations from June to September to 
assess the link between grassland vitality and summer drought, but 
the vegetation responses to drought may vary within the growing 
season (Jentsch et al., 2007; Jin et al., 2023) and may depend on 
previous drought exposure (Walter et al., 2011). Differentiating the 
drought response for different phases of the growing season could 
allow to additionally assess, e.g., the influence of spring droughts 
on shifts in grassland phenology and productivity (Wolf et al., 2013). 
Yet, summer droughts are expected to affect ecosystems most se-
verely	in	the	coming	decades	in	Central	Europe	(Aalbers	et	al.,	2023; 
Markonis et al., 2021). We here focused on the immediate effects 
of drought on grassland vitality, i.e., the resistance of grasslands in 
terms of vegetation growth during a drought period. Drought re-
silience, i.e., the capacity of a grassland to recover after a drought 

F I G U R E  3 Maps	(a)	and	time	series	(b)	of	seasonal	vitality	for	grasslands	from	1985	to	2021.	Positive	values	indicate	vitality	loss	with	
higher- than- average dry vegetation and soil cover whereas negative values indicate vitality gain with higher- than- average green vegetation. 
Maps	were	aggregated	to	1 km	spatial	resolution	for	visualization.	Map	lines	delineate	study	areas	and	do	not	necessarily	depict	accepted	
national boundaries.

TA B L E  1 Marginal	and	conditional	R2 of mixed effects models 
for grassland vitality explained by different drought indices.

Drought index Marginal R2 Conditional R2

Vapor pressure deficit .22 .42

Temperature .16 .69

Climatic water balance .14 .29

Soil moisture .10 .27

Precipitation .09 .24
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is another important factor which can affect long- term ecosystem 
functioning (Craine et al., 2013;	Griffin-	Nolan	et	al.,	2019; Stampfli 
et al., 2018) and thus warrants further research. We here observed 
a linear relation of grassland vitality to VPD (Figure 4). Yet, different 
drought thresholds were observed for grasslands species (Ingrisch 

et al., 2023). For individual sites, these thresholds could thus lead 
to a non- linear response of grassland vitality to drought indices. 
While such an analysis was beyond the scope of this study, grassland 
vitality time series from recent years with increased observation 
frequency (i.e., >30 cloud- free observations per season; Okujeni 
et al., 2024) together with meteorological data would be well suited 
to uncover such thresholds.

Our study confirmed findings from experimental studies indicat-
ing a generally high, but varying effect of atmospheric water demand 
on grassland vitality. Combining spatially explicit, large- scale satel-
lite and meteorological data, we showed that these varying effects 
replicate under real- world conditions and relate to different grass-
land habitats. Grassland habitat types are characterized by distinct 
biotic and abiotic characteristics, which can influence the grassland 
drought response. First, grassland sensitivity decreased for habitats 
along a moisture gradient from dry, mesic, wet to subalpine and al-
pine habitat types. Similar relations between ecosystem productiv-
ity and mean annual precipitation have been previously established 
across ecosystems including grasslands (Huxman et al., 2004; Maurer 
et al., 2020; Sala et al., 2012), and also hold true for gradients within 
the semi- natural to agriculturally improved grasslands in Central 
Europe. Lowest sensitivities were found for grasslands in subalpine 
or alpine habitats, which are located at highest elevations and also 
have the highest precipitation (Figure 1). Given that drought indices 
measure extremes relative to the mean, our results indicate that even 
extreme meteorological anomalies are not yet a limiting factor for 
grassland vitality of subalpine and alpine grasslands due to the gen-
erally higher water availability (Zang et al., 2020). Secondly, edaphic 
factors modify the drought response of grasslands. Higher drought 
sensitivities were associated with habitat types characterized by 

F I G U R E  4 Linear	relation	and	95%	confidence	intervals	for	
the relation of seasonal grassland vitality to anomalies of Vapor 
Pressure Deficit (VPD) from a mixed effects model. Underlying 
data are from the three most extreme drought years, i.e., 2003, 
2018, and 2019 (red), and all other years (blue). Light to dark colors 
indicate increasing data density. Points represent average values 
of	June,	July,	August,	and	September	for	each	year	from	1985	to	
2021. The corresponding figure for other drought indices can be 
found in the supplementary material (Figure S1).

F I G U R E  5 Changing	sensitivity	of	grassland	vitality	to	Vapor	Pressure	Deficit	(VPD)	from	1985	to	2021	(a)	and	relation	of	VPD	sensitivity	
to VPD anomalies (b). Sensitivity for each 5- year time period was derived based on simple linear models. The trend from 1985 to 2021 (a) is 
based	on	the	Theil-	Sen	estimator	with	95%	confidence	intervals.	Results	for	aggregation	intervals	of	10	and	15 years	are	given	in	Figure S2.
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    |  9 of 14KOWALSKI et al.

poor, sandy soils with low water holding capacities, such as oceanic 
to subcontinental inland sand grassland on dry acid and neutral soils 
(Schaminée et al., 2016), which are widespread in northern Germany. 
In contrast, lower drought sensitivities were found for habitats with 
more fertile, mesic soils, e.g., mountain hay meadows or mesic per-
manent pastures of lowlands and mountains. Moreover, inundated, 
nutrient- poor soil, or peat soils can buffer atmospheric drought ef-
fects by supplying sufficient water during drought periods, e.g., for 
moist or wet mesotrophic to eutrophic pastures and for temperate and 
boreal moist or wet oligotrophic grasslands (Schaminée et al., 2016), 
which had a low drought sensitivity. Lastly, drought sensitivity of 
habitat types might be further modified by their community compo-
sition. We here found that dry grassland habitat types like continen-
tal dry grasslands and semi- dry perennial calcareous grasslands were 
among the most drought- sensitive habitat types. Species typical for 
these habitats tend to be well adapted to drought periods and can 
have a high resilience (Grime et al., 2008; Schaminée et al., 2016). 
The productivity of dry grassland habitats is often still reduced 

during droughts (Jackson et al., 2024), which we observed here as 
well based on our vitality indicator. It is not possible to directly as-
sess whether remotely sensed vitality loss, which is related to plant 
senescence and potential plant mortality, leads to shifts in species 
composition or long- term stability of a habitat. Yet, a recent study by 
Mazalla et al. (2022) showed that severe drought periods, as the one 
in 2018–2019, reduced character species of calcareous grasslands. 
The high drought sensitivity of these habitats found here underlines 
that such grasslands may be less resilient to future, potentially more 
severe droughts than previously assumed. In this study, we used 
probability information to derive habitat types as this was the only 
available, spatially continuous data source. To gain more detailed 
insights on drought sensitivity of individual habitats and potential 
shifts in community composition, remote sensing- based grassland 
vitality could be directly linked with in- situ data capturing the actual 
occurrence and cover of species. Similarly, additional nation- wide in- 
situ data on grassland management would be valuable to assess how 
grassland habitats respond to drought under different management 

F I G U R E  6 Effects	of	Vapor	Pressure	Deficit	(VPD)	on	grassland	vitality	for	12	grassland	habitat	types.	Solid	vertical	lines	indicate	group-	
wise effects (i.e., for habitat groups). Blue to red color gradient represents smaller to larger effects relative to the global estimate (dashed 
vertical line).
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intensities, a factor that has been shown to impact drought sensitiv-
ity of grasslands (Bütof et al., 2012; Luna et al., 2023).	Nonetheless,	
we here provided, for the first time, a comprehensive overview on 
the drought sensitivity of the main grassland habitat types in Central 
Europe using fine- scale remote sensing time series.

Our results supported our a- priori expectation that grassland sensi-
tivity to atmospheric water demand increased over time. We observed 
a consistently positive trend of VPD effects on grassland vitality sug-
gesting that grassland vitality became more sensitive to drought in the 
past four decades. The trend was mainly caused by high sensitivities 
from 2010 to 2021. This was especially apparent for the multi- year 
drought in 2018–2019, which also triggered the strongest response 
in grassland vitality in the past four decades. The strong correlation 
to VPD anomalies further underlines that sensitivities increase with 
atmospheric water demand, which is predicted to increase further 
in the future due to rising temperatures and land- atmosphere cou-
pling (Markonis et al., 2021; Seneviratne et al., 2006; Teuling, 2018). 
Moreover, a consistently higher sensitivity level from 2010 to 2021 in-
dicates that regional to national scale spatial patterns of grassland vital-
ity are increasingly driven by atmospheric water demand. Our findings 
for grasslands underpin recent studies observing an increasing coupling 
of ecosystem productivity and drought across different ecosystems in 
humid regions (Gampe et al., 2021; Jiao et al., 2021; Li et al., 2024).

Our study confirmed and emphasized the high sensitivity of 
Central European grassland systems to the ongoing and anticipated 
increase of droughts in the light of global climate change (Spinoni 
et al., 2018). High atmospheric water demand amplifies drought 
stress on grasslands physiologically and through increased evapora-
tion of soil moisture (Grossiord et al., 2020; Zhou et al., 2019). Such 
hotter droughts, characterized by low precipitation and concurrent 
high temperatures, are becoming the dominant drought type in 
Central Europe (Markonis et al., 2021). Given the expected increase 
of hot droughts in the next decades, drought effects on grasslands 
will likely rise as well. In our study period from 1985 to 2021, the 
years 2003 and 2018–2019 were the most prominent examples 
of compounding droughts and heatwaves, when we also observed 
the most severe decline in grassland vitality. While the consec-
utive drought from 2018 to 2019 was unprecedented in the last 
250 years,	similar	2-	year	events	are	expected	to	occur	up	to	seven	
times more often until 2100, affecting between 30% and 60% of 
Central European grasslands (Hari et al., 2020). Considering the al-
ready increasing drought sensitivity of Central European grasslands, 
future droughts with similar characteristics as past severe droughts 
will have far reaching, negative effects on grassland productiv-
ity and other ecosystem services. Globally, dryland ecosystems, 
where water availability is already marginal, face the most severe 
challenges with varying precipitation patterns and extreme events 
under climate change (Cherwin & Knapp, 2012; IPCC, 2022; Zhang 
et al., 2022). We found here that even in (sub- )humid climate, grass-
lands become more sensitive to atmospheric water demand. While 
meteorological droughts span large geographic areas, the observed 
spatial variability of grassland sensitivity underscores the need to 
consider drought impacts on ecosystems on a regional scale. This 

ultimately helps to develop strategies for drought impact mitigation 
and adaptation focusing on drought- sensitive regions.
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