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ECOLOGY

Revealing European-wide ecosystem strategies to

drought from space

Qi Chen'*, Joris Timmermans'?, Peter M. van Bodegom1

Ecosystems are threatened by increasing droughts under climate change. A multitude of plant physiological regu-
lation processes determine the overall drought resistance of ecosystems. So far, these physiological strategies to
resist drought are poorly understood at large scales across different ecosystem types because the detection of
these physiological regulation processes is mostly limited to in situ measurements on individual plants. In this
study, by using high-resolution remote sensing data, we evaluated drought strategies of different ecosystem
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types throughout Europe by evaluating three key physiological regulation aspects (evapotranspiration, water
content, and carbon regulation) based on their associated vegetation attributes. We found that different ecosys-
tem types show divergent responses in these physiological attributes, suggesting different optimization strate-
gies with respect to water saving versus spending, water content stabilizing versus fluctuating, and leaf conserving
versus shedding strategies facing drought. These drought strategies from remote sensing provide timely ecosys-
tem response information, facilitating earth system model predictions and aiding the protection against future

droughts at large scales.

INTRODUCTION

Ecosystems are likely to be increasingly threatened by more frequent
and severe droughts under climate change (1-3). These droughts can
affect multiple physiological processes in vegetation, thus impairing
their ability to adapt to severe drought and even leading to mortality,
which will ultimately affect the structure and functioning of entire
ecosystems (4-6). The regulation of various physiological processes
in vegetation forms the basis of their drought resistance strategies,
and the identification of these strategies constitutes a priority in
global research efforts (7-9). However, much of the current under-
standing on plant strategies in response to drought is based on re-
sponses by individual plants at individual sites (10-13). It is still
unclear how these strategies translate to the whole ecosystem level
and how they vary across different ecosystems. Moreover, current
predictions of future vegetation response and mortality mostly rely
on sparse ground vegetation data, resulting in substantial uncer-
tainty in the predictions (14). To accurately predict the subsequent
ecological impacts of drought events and to effectively address the
threats induced by global climate change, it is crucial to understand
drought strategies in detail at the ecosystem level across large
scales (15).

For individual plant species, strategies during drought can gen-
erally be classified through three key interlinked physiological regu-
lation aspects: stomatal regulation, water content regulation, and
carbon regulation. These regulations are closely linked to the two
main mechanisms of plant mortality (i.e., hydraulic failure and car-
bon starvation) (16, 17). Consequently, much research has been done
to explore drought strategies by identifying individual regulation as-
pects for specific species (11, 18-20). Regulation of plant water con-
tent has so far received most attention in characterizing plant drought
strategies. Such hydraulic strategies are commonly classified along an
axis from water conservation (drought avoidance or isohydric spe-
cies) to water spenders (drought tolerance or anisohydric species)
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(11). Isohydric species are those that maintain their leaf water po-
tential (W}eas) and avoid dehydration during drought, whereas aniso-
hydric species decrease their Wi, with decreasing soil water
availability and suffer greater dehydration (I8, 21). Regulation of
stomata (i.e., stomatal control) was thought to be closely related to
the hydraulic strategy (22) because the dynamic behavior of stomata
in regulating water loss dictates the rate of plant dehydration as soil
water availability declines (23). However, the exact relationship be-
tween stomatal regulation and water content regulation for isohy-
dric versus anisohydric species remains uncertain and is still facing
controversies (23-25). Regulation of carbon is key to the second
mechanism to respond to drought. Plant species can optimize their
overall response to drought through a physiological trade-off be-
tween minimizing water loss and maximizing carbon gain at the leaf
level (26). For instance, plants may shed leaves during drought (i.e.,
regulate their carbon balance) to prevent hydraulic failure (27-29).
Different ecosystem types may regulate their physiological respons-
es differently, ultimately determining their resistance to drought and
possible mortality patterns. However, till now, evaluation of all these
three regulation aspects simultaneously in different ecosystem types
is still lacking.

While previous studies have established an understanding of
drought strategies and their links to the three aspects of regulation
at the individual plant level, understanding at the ecosystem level
across different ecosystem types is still limited, due to the challenges
in upscaling strategies from individual tissues to the whole-plant
and community level (24). In light of the importance of vegetation
drought strategies to the global carbon balance and the expected
changes in drought dynamics with climate change, it is critical to
provide accurate and timely information on strategies at these large
scales to improve drought response predictions (30-32). This is par-
ticularly relevant because ecosystem strategies can vary with species
composition and local environment conditions (33-35). Thus, con-
secutive monitoring is needed to comprehensively assess drought-
related responses and their variations in space and time. Remote
sensing with its large-scale monitoring and quick revisit times pro-
vides the possibility to solve these challenges, and efforts have been
made to evaluate vegetation responses to drought using remote
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sensing (36). For instance, attempts have been made to evaluate hy-
draulic responses of vegetation using vegetation optical depth (VOD)
data (37, 38). Large-scale estimates of evapotranspiration (ET) and
carbon-related responses have also been evaluated with remote
sensing data (39-44). While various studies have focused on one or
two types of regulation, recent efforts have advanced toward moni-
toring multiple aspects of plant regulation simultaneously using re-
mote sensing (45). However, most large-scale assessments of multiple
vegetation responses to drought have relied on data at 25-km spatial
resolution, and less attention has been paid to the evaluation of trad-
eoffs between multiple key physiological regulation aspects at the
ecosystem level. Thus, analyses to distinguish drought strategies at
the ecosystem level are strongly needed through the use of high-
resolution data.

Here, we evaluate multiple physiological responses to drought at
ecosystem level and assess to which extent these ecosystem strate-
gies are affected by increasing drought through high-resolution re-
mote sensing data. To this end, we first analyzed the meteorological
drought conditions during the unprecedented 2018 drought in Europe.
To explore drought strategies, three key aspects of physiological
regulation during drought were expressed as canopy-level responses
in three attributes: loss in ET, loss in water content, and loss in leaf
area. These attributes were derived by remote sensing proxies to en-
able full spatial coverage across Europe (at 1-km resolution) and to
characterize their temporal dynamics. The decrease in actual ET was
used to evaluate the regulation of ET. Likewise, the decrease of the
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normalized difference infrared index (NDII) was used to indicate
the regulation of canopy water content. The decrease in leaf area in-
dex (LAI) was used as a proxy for leaf area loss, indicating the regu-
lation of carbon dynamics (Fig. 1). Based on these attributes, we ask:
(i) How do different ecosystem types regulate the three physiologi-
cal attributes to cope with drought? (ii) Does the onset of regulation
in the three attributes within an ecosystem type shift with increasing
drought severity? and (iii) Does the magnitude of regulation in the
attributes of a given ecosystem type change with increasing drought
severity?

RESULTS
Divergent drought strategies across ecosystem types
Three aspects of regulation in terrestrial ecosystems during drought
were evaluated (Fig. 2). The first regulation (i.e., loss in ET) repre-
sents drought impacts on water release from ecosystems, as indi-
cated by accumulated ET decrease (and is partly related to stomatal
regulation). Ecosystem types exhibit divergent ET responses to drought,
from those with an early and high ET decrease to those with delayed
and limited ET reduction or those with a minor decrease in ET over
time (Fig. 2); that is, they vary from a more conservative water loss
strategy (water saver) to a looser water loss strategy (water spender).
The second regulation (i.e., loss in NDII) represents the dynam-
ics of canopy water content during drought, referring to the ability
to maintain a high or low water content level, which is related to the
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Fig. 1. Overview of the study. (A) Physiological strategies of plants upon drought and the corresponding vegetation attributes (derived by remote sensing proxies) that
can be used to reflect their regulation. ET, evapotranspiration; NDII, normalized difference infrared index; LAI, leaf area index. (B) Hypothesis on drought strategies moni-
tored by remote sensing. Vegetation attributes will show loss at different time points and to different magnitudes due to the specific regulatory sequences of plants facing
drought. (C) European ecosystem distribution map. The names of ecosystems can be found in table S1 by type number.
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Fig. 2. Three aspects of regulation in different ecosystem types across Europe in response to drought. The severity of drought (dashed line) and the response in
regulation of ET (green line), NDII (blue line), and LAI (orange line) with time (expressed as DOY, day of year) in 2018 (see Materials and Methods for calculation details).
Loss in a vegetation attribute indicates the decrease in that attribute in 2018 compared to previous years. The accumulated losses in these attributes were obtained by
summing the decreases in ET, NDII, and LAI over time. Negative values at a given time point indicate the total accumulated loss in the vegetation attribute till that mo-
ment. Here, the circles represent the mean onset and end date of vegetation loss in each ecosystem type. The two vertical dashed lines represent the mean onset and end
date of drought in each ecosystem type. The onset and end date of vegetation loss and drought were defined as the start date and end date of the longest vegetation loss
and drought event, respectively.
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plant water potential (46-49). NDII responses vary from ecosystem
types with a late and low water content decrease to types with an
early and high water content decrease, corresponding to either a sta-
bilizing or a fluctuating strategy of water content regulation (these
strategies do not directly reflect the isohydric-anisohydric degree but
partly indicate the variation in plant water potential) (Fig. 2).

The third regulation based on the key attribute LAI reflects the
carbon loss of ecosystems upon drought. Leaf shedding as “hydrau-
lic fuses” is a key mechanism for plants to cope with drought (27, 50).
Also this regulation varies across ecosystem types from those with
low LAI decreases to ones with high LAI decreases (Fig. 2), indicating
a biomass maximization strategy trying to keep normal growth dur-
ing drought versus those that shed leaves as a risk limitation strategy.

Somewhat unexpectedly, the three regulation aspects mostly co-
varied with increasing drought, indicating limited capabilities of
canopies to adjust only one physiological process at a time (Fig. 2).
However, this covariant relationship varies across different ecosys-
tems, with some ecosystem types being able to more independently
change regulation in different attributes than others (most types
show significant differences in accumulated loss in ET, NDII, and
LAI at the middle and the end of drought with a paired ¢ test)
(table S2). This indicates that the extent to which a trade-off between
ET, control of water content, and carbon loss was expressed varied
among ecosystem types. For instance, croplands showed a large de-
crease in LAI and NDII, which dropped faster than ET, except for
rainfed croplands with trees and shrubs. This indicates that, al-
though crops decrease their ET, they cannot maintain their biomass
and water content during drought. In contrast, forests showed the
capability to maintain one attribute (LAI or NDII) longer than crops
with an early ET decrease. Specifically, mixed forests showed a late
and low LAI decrease, indicating their capability of biomass maxi-
mization during drought. They showed a propensity for a more con-
servative stomatal regulation strategy (early ET anomaly onset and
high ET decrease) and a more variable water regulation strategy (high
water content decrease). On the other hand, needleleaved deciduous
forests showed a late and low decrease in canopy water content, which
seems to come at the cost of more leaf shedding.

Ecosystem types with low vegetation cover showed distinct re-
sponses to drought (Fig. 2). Ecosystems with sparse herbaceous cover
first decreased canopy water content, then ET, and lastly reduced their
leaf cover. In contrast, sparse shrublands first decreased ET while
keeping their canopy leaves and water content for a longer period. It
seems that the growth form dominating sparse vegetation is impor-
tant in determining the drought strategy. Forested wetlands showed
a water spender strategy. They could maintain their biomass with a
little decrease in ET and canopy water content, while wetlands with
a shrub or herbaceous cover showed a reaction similar to that of terres-
trial grasslands. Grasslands also showed similar strategies to croplands.

Shift in the temporal sequence of regulation with enhanced
drought severity
We analyzed the changes in the onset of decreases in three vegeta-
tion attributes (indicated by ET, NDII, and LAI) along with increasing
drought severity to explore whether ecosystems adapt their strategy
to deteriorating drought conditions. We observed that most ecosystem
types showed a consistent sequence in the reaction of the three canopy-
level attributes, which barely showed any change with drought severity.
Despite the consistent reaction of most ecosystem types, some
ecosystem types show an earlier loss in carbon (i.e., earliest onset in

Chenetal, Sci. Adv. 11, eadt9251 (2025) 30 July 2025

LAI decrease) to increased drought stress and lose control of their
ideal strategies (Fig. 3). Crops and forests all first tried to decrease their
ET under mild drought conditions, while with increasing drought se-
verity, crops could not afford to maintain their water demand and
were forced to decrease their LAI quickly and strongly. Most forests
could maintain their regular canopy response sequence at severe
drought. For example, needleleaved evergreen forests and mixed for-
ests decreased ET earlier than LAI and NDII across all drought se-
verity conditions. Mixed forests showed a late reaction of LAI across
all drought severity conditions, which indicated their strategy to
maintain their biomass, which is barely affected by drought condi-
tions. Needleleaved deciduous forests showed hardly any diminu-
tion in the onset of canopy water content response across all drought
severities, matching with their early decrease in LAI. However, com-
pared to these stable forests, closed to open broadleaved deciduous
forests showed an early shift in the onset of responses in their three
canopy attributes. Their LAI was affected earlier than the other two at-
tributes with increasing drought severity, representing a major change in
the strategy for this ecosystem type and a failure to maintain their
strategy. This phenomenon also emerged in grasslands. Benefiting
from a wet growing environment, forested wetlands kept their water
spender strategy even under severe drought.

Forested wetlands and needleleaved deciduous forests showed
largely distinct onsets in the responses of the three vegetation attri-
butes (Fig. 3 and fig. S1). This indicates that these ecosystem types
have the ability to independently regulate each of the three canopy-
level attributes. This may allow them to fine-tune their response to
drought, in contrast to other ecosystem types where responses in the
three attributes mostly covary.

Changes in the magnitude of regulation with enhanced
drought severity
In addition to the order in which declines in one vegetation attribute
occur (i.e., the changes in the onset), the magnitude of regulation in
vegetation attributes constitutes another key aspect of ecosystem re-
sponses to drought. To evaluate whether this magnitude of decline
will be stable under severe drought, we analyzed the slopes (i.e., sen-
sitivity) of the magnitudes in the three canopy attributes to changing
drought conditions (Fig. 4 and fig. S3). We found that all three at-
tributes showed a similar overall sensitivity to drought for a given
ecosystem type. Only subtle differences occurred in some types (e.g.,
crops) between ET and the other two attributes. This analysis rein-
forces the conclusion of the previous section that most ecosystems
have stable plant strategies across drought severity ranges except for
the vulnerable ones.

In general, crops were the most vulnerable types in the responses
of all three canopy attributes and showed the highest sensitivity (i.e.,
the steepest slopes) to drought compared to other ecosystem types
(Fig. 4). This high sensitivity to deteriorating drought conditions re-
flects their difficulty to maintain a stable strategy. They failed to keep
their LAI under severe drought, which was consistent with their
early shift in the onset of the responses in the three attributes with
increasing drought severity. Forests showed a lower sensitivity (i.e.,
flatter slopes) than most other types and showed a more stable strat-
egy minimizing the impact on LAI across all drought severity levels
(i.e., the LAI line is the lowest of all three lines). In particular, for
mixed forests, LAI responded less than the other two canopy attri-
butes when compared with other forests. Grasslands showed a high-
er sensitivity than forests but lower than croplands in these three
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Fig. 4. Changes in the magnitude of decreases in ET, NDII, and LAl with increasing drought severity. The magnitude of vegetation decrease was calculated on the
basis of the severity of ET, NDII, and LAl changes (defined as the sum of standardized anomaly values lower than —1) in 2018 compared to values from previous years. The
average magnitude of the decrease in ET, NDII, and LAl was calculated for each drought severity level. All magnitude values were first scaled to 0-1 by min-max normaliza-
tion. The slopes of these lines represent the sensitivity to drought severity for each ecosystem type. The dashed lines represent data beyond the value at the 1st percentile
of drought severity. The spatial patterns of these vegetation responses in Europe can be seen in fig. S4.
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canopy attributes. They also failed to minimize the impact on LAI
under severe droughts. We found highly consistent patterns for the
magnitude (Fig. 4) and the onset of vegetation decrease (Fig. 3), with
vegetation attributes that declined early showing much stronger de-
creases than other attributes.

To test whether vegetation responses were different between arid
and humid regions, we analyzed the onset and the magnitude of de-
creases in the three canopy attributes across drought severity for
arid and humid regions separately (figs. S5 and S6). We found that,
in general, ecosystem types in humid regions showed a higher sen-
sitivity to drought compared with those in arid regions, especially for
herbaceous vegetation. Under the same drought severity, most ecosys-
tem types in humid regions showed earlier and more severe respons-
es to drought in the three canopy attributes compared with those in
arid regions. However, no differentiation in responses between hu-
mid and arid regions was evident for forests.

DISCUSSION

Differential ability of ecosystems to regulate carbon and
water upon drought

We have extended previous research by evaluating drought strategies
of vegetation at the ecosystem level, by integrating the regulation of
water (i.e., ET and water content) and carbon (leaf area) under drought
using high-resolution remote sensing data. Specifically, we simultane-
ously assessed responses in three key physiological attributes: regula-
tion of ET (reflecting water loss adaptation), regulation of canopy water
content (reflecting water retention capacity), and regulation of leaf area
(reflecting leaf shedding and photosynthesis behavior). This com-
bined evaluation at ecosystem level facilitates a comprehensive as-
sessment of vegetation responses to drought. Our evaluation shows
that the regulation of the three physiological attributes tends to covary
strongly, suggesting that it is difficult to have independent strategies for
individual attributes. However, this coordinated regulation in the
three attributes differs among ecosystem types in terms of the se-
quence of response and the magnitude to which regulation is possi-
ble. These insights provide a valuable way to understand vegetation
strategies in diverse ecosystems during drought.

Most ecosystems first reduce their ET to avoid carbon loss and to
maintain their regular canopy functioning. The preservation of cano-
py leaf area within these ecosystems probably reflects the importance
of carbon regulation for vegetation functioning. However, most eco-
systems may fail to avoid carbon loss with increasing drought. The
moment at which the canopy leaf area starts to drop differs among eco-
systems. The differences among ecosystem types in their capacity to
maintain carbon regulation reflect their strategies to deal with drought.

Among forests, broadleaved deciduous forests showed the earliest
collapse in water and carbon regulation (Fig. 3). Drought strategies
commonly differ between broadleaved and needle-leaved species.
Broadleaved deciduous forests shed their leaves early during drought
to reduce transpiratory water loss (51), thereby protecting the integ-
rity of the water transport system in their stem (28, 52). This integ-
rity is crucial because damage to the hydraulic system may result in
embolism and, ultimately, lead to tree mortality (16, 53, 54). Broad-
leaved deciduous forests usually have high photosynthetic rates, and
their foliage can be restored in the next growing season (55, 56).
Needleleaved evergreen forests, in contrast, cannot afford such ex-
tensive carbon loss. They have greater leaf construction costs (57)
and conservative ET strategies (58). It is not until severe drought,

Chenetal, Sci. Adv. 11, eadt9251 (2025) 30 July 2025

causing stomatal closure, that they have to drop leaves as a last chance
for hydraulic safety (50).

Mixed forests showed the latest collapse in their regulation com-
pared to other terrestrial forests (Fig. 3). In particular, mixed forests
try to maintain their canopy leaf area by reducing ET and water con-
tent. Mixed forests contain diverse drought strategies with their di-
verse species composition (59, 60), which can make the forests benefit
from compensating mechanisms through resource partitioning and
facilitation (59, 61, 62). For example, broadleaved forests usually
have high stomatal conductance allowing for continued carbon gain
and water use during drought, which cools the entire system and re-
duces the evaporative demand of other trees (63). Similarly, the inter-
specific variation in rooting strategies of different species can improve
local soil water availability or the microclimate for trees through ac-
tive hydraulic redistribution and nocturnal water transport (64-66).
In combination, this explains why mixed forests usually exhibit more
stable canopy attributes during drought.

We particularly observed clear differences between forested and
non-forested ecosystem types. Specifically, croplands and grasslands
could barely keep their LAT and NDII by attenuating ET during
drought and were forced to lose carbon early and strongly even un-
der mild drought (Figs. 3 and 4). In contrast, most forests can keep
their LAI longer and better during drought. Forested and non-
forested ecosystems differ in their resource allocation. The first differ-
ence relates to their canopy height. There is evidence that vegetation
canopy height has a strong causal effect on water use strategies, lead-
ing to a higher water use efficiency in forests than in grasslands (67).
Canopy height influences surface roughness and aerodynamic resis-
tance and hence controls the interaction between the vegetation surface
and atmosphere, affecting the water use efficiency (67, 68). Canopy
height also affects water use efficiency due to an increasing hydrau-
lic limitation on stomatal conductance in higher trees (69). In addi-
tion, higher water use efficiency of trees than grasses is also related
to their high construction costs because they must invest more in
building structures and, hence, a higher carbon cost of water use (70).
Another difference relates to their rooting depth. The deep roots of
trees allow them to absorb water from the deep soil (71), and the de-
layed decline in deep soil moisture can help them to keep their strat-
egy longer. Grasslands can only absorb water from top-middle layers
and are more sensitive to water deficits (72).

Similar differences in canopy height and rooting depth between
trees and grasses explain the variation in the stability of vegetation
strategies in wetlands. The relatively wet conditions of wetlands did
not lead to different regulation of wetland grasses compared to that
of terrestrial grasslands. However, the wet conditions seem to pro-
vide trees a higher stability. Wetland trees showed the most stable
strategy with increasing (meteorological) drought severity com-
pared with other ecosystems (even more stable than trees in mixed
forests), and they showed a very late and minor LAI decrease during
drought (distinct responses in ET, NDII, and LAI). Possibly, the
shallow water table in wetlands still allowed the tap roots of trees to
reach it even during dry conditions (73). Moreover, the enhanced
allocation to roots among some wetland trees can provide them with
the ability to remain in contact with a declining water table (74, 75).
In contrast to these trees, wetland grasses do not have the extensive
roots of most woody plants and are, therefore, more susceptible to
water shortages (76). Increasing occurrences of droughts, therefore,
constitute a major threat of woody encroachment to global wetland
grasslands (77, 78).
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Forested and non-forested ecosystem types also differed in their
responses to drought between arid and humid regions. Non-forested
ecosystem types are more sensitive to drought in humid regions
compared to those in arid regions. This may be linked to the long-
term adaptation of herbaceous vegetation inhabiting arid regions,
such as more negative wilting leaf water potential (79), laterally ex-
tensive root systems (80), or deep root systems (80). Water use in
forested ecosystem types tends to be relatively stable with their deep
root systems (81), showing limited regional variation in their responses
to drought. Despite the different sensitivity of non-forested ecosys-
tem types in arid and humid regions, we found that drought severity
had a stronger impact on vegetation anomalies than long-term arid-
ity (table S3).

Coupling of water and carbon regulation

Despite the differences in the onset and magnitude to which ecosys-
tem types were able to maintain their water and carbon regulation
(represented by ET, NDII, and LAI), within one ecosystem type,
these three attributes exhibited a concomitant pattern in response to
drought (Fig. 2). As the severity of drought increases, they tended to
exhibit a similar sensitivity across water and carbon regulation (slopes
in Figs. 3 and 4). This indicates that the carbon and water cycle are
tightly coupled at the vegetation level in the face of drought.

Needleleaved deciduous forests exhibited a clear difference in their
water and carbon regulation compared to other ecosystem types
(where water and carbon regulation were coupled). Needleleaved de-
ciduous forests showed a much later decrease in onset and a lower
reduction in canopy water content than in canopy leaf area (Fig. 4
and fig. S2). Facing drought, they first reduced their leaf area. They
even maintained their canopy water content after dropping their
leaves, which indicates they increased the water content per leaf.

The dominant species in coniferous deciduous forests in our study
area is the European larch (82, 83). According to on-site measure-
ments and experimental research, drought has a low impact on the
water content and water usage in Larix decidua (84-86), while it has a
substantial inhibitory effect on its growth (87-89). One reason why
they can maintain a high water content during drought is their abil-
ity to use water in deep soil because of their deep rooting system
(90). Another reason is related to their unique drought regulation
mechanism: They can decrease their water potential through osmot-
ic adjustment (i.e., accumulate solutes within their cells), which also
increases the water uptake capacity of the plants since it facilitates a
lower water potential up to the fine roots (84). Consequently, they
can keep their water content during drought. Therefore, this high
water content does not mean a high water potential or a more isohy-
dric behavior. In contrast, they have a lower water potential and a more
anisohydric behavior in drought because of their unique osmotic reg-
ulation mechanism (85, 91, 92).

Implications for future drought management: Opportunities
and limitations

The combined assessment of the regulation in three key canopy-level
physiological attributes allowed for integrally assessing the strategy of
vegetation across ecosystem types. Drought affects both carbon and
water regulation in ecosystems and, to a major extent, simultane-
ously with a primacy of carbon regulation where possible. The com-
prehensive strategy evaluation of ecosystems, provided in this study,
can further deepen our understanding of the key carbon and water
responses by ecosystems to drought.

Chenetal, Sci. Adv. 11, eadt9251 (2025) 30 July 2025

Where different strategies prevail, this will affect carbon and water
cycling. Till now, these differential effects caused by different plant
strategies are not represented in most dynamic vegetation models
(DVMs) (8). Plant strategies have been suggested to be incorporated
into global vegetation models to describe the impact of drought on
carbon cycling more accurately (8, 93) but were, so far, considered a
huge challenge (8, 94). The traditional measurements of plant strate-
gies only provide information for certain conditions and locations,
which makes it difficult to inform large-scale simulations. In addi-
tion, the traditional measurements are limited in assessing the tem-
poral dynamics of strategies. The dynamic responses of ecosystems
to climate and environmental variability could thus be poorly as-
sessed. Such dynamic assessments are important, given that the frequen-
cy and severity of droughts caused by global warming are projected to
increase in the future (2, 95), leading to possible increases in the mor-
tality of forest trees (96, 97). The death of these trees will reshape
the ecosystem’s original responses and strategies (33, 98), which will
have a substantial impact on ecosystem functions and on the overall
global carbon and water balances (99). In view of these changes, it
is crucial to achieve a real-time integral monitoring of ecosystem
strategies.

Here, we used high-resolution remote sensing to monitor vegeta-
tion strategies at ecosystem level to capture the real-time expression
and changes in vegetation strategies associated with drought. It pro-
vides large-scale, integrated information on drought response strat-
egies and serves as structural input or constraints for DVMs and
earth system models. These will provide critical support for drought
impact predictions on carbon and water regulation of ecosystems at
a global scale, contributing to a better understanding of future cli-
mate change impacts on carbon and water cycling. Moreover, the ob-
served real-time strategies may timely reflect the health status (i.e.,
water shortage and carbon loss status) of ecosystems and, hence, will
provide a theoretical basis for formulating effective drought policies
and water allocation strategies in the face of drought in the future.

Using remote sensing for large-scale vegetation strategies moni-
toring still faces uncertainties and challenges. Remote sensing vari-
ables generally capture ecosystem-level responses, but it remains
difficult to directly evaluate vegetation responses at the level of spe-
cific physiological traits, such as stomatal behavior, osmotic adjust-
ment, or root distribution. ET was used as a proxy for canopy water
use loss in this study. While plant stomatal conductance influences
transpiration (100), ET can also be affected by other plant physio-
logical changes (e.g., leaf area) and nonphysiological factors, includ-
ing changes in bare soil fraction and fluctuations in energy supply
(net radiation, air temperature, wind speed, and humidity) (101-
103). Thus, ET regulation only partially reflects stomatal control be-
havior. NDII, calculated from near-infrared (NIR) and shortwave
infrared (SWIR) reflectance, has been shown to be sensitive to veg-
etation water content, due to strong water absorption features in the
SWIR bands (104, 105). Many studies have shown that NDII corre-
lates with leaf and canopy water content and has been used to indi-
cate vegetation water conditions under water stress (105-108). A
decrease in water content normally leads to a more negative water
potential (46-48). However, the variation of water content can some-
times be decoupled from water potential due to special regulatory
mechanisms in plants during drought, such as osmotic adjustment
(84). Moreover, NDII alone lacks information about soil water condi-
tions. Therefore, NDII does not directly reflect the isohydric degree
of plants, while it indicates their water content regulation behavior.
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Based on the comparison between NDII and VOD (daytime) re-
duction during drought, we found that NDII is generally able to cap-
ture changes in vegetation water content in ecosystems (fig. S8B).
However, the ability of NDII to indicate water content can decrease
in areas with low vegetation fraction, due to the increased influence
of soil background reflectance and covariation with the biophysics
of plants (e.g., leaf area and leaf structure) (109, 110). These effects
of soil background reflectance, especially the influence of soil mois-
ture variation, can also increase the uncertainties in the other two
variables (ET and LAI) in areas with sparse vegetation (111, 112).
Despite these uncertainties, we found that, for most ecosystem
types, ET and LAI data from remote sensing showed wide agree-
ment with eddy covariance ET and gross primary productivity (GPP)
measurements (fig. S7). Meteorological drought was the focus of this
study, assessed on the basis of deficits between precipitation and po-
tential evapotranspiration (PET). Vegetation responses were used as
an indicator of ecological drought, reflecting the impact of actual water
deficits on the ecosystem. Meteorological drought can become de-
coupled from actual soil water deficits in regions affected by addi-
tional water inputs, soil properties, or microclimate variability (113).
The weak responses observed in some ecosystem types may partly
reflect relatively low soil water deficits during drought events, such as
shown by the relatively low vegetation responses in forested wetlands.

In summary, our analysis shows how different ecosystem types
exhibit different responses to drought in the regulation of ET, cano-
py water content, and leaf area. Specifically, ecosystem types show
different preferences to keep one attribute (water loss, water content,
or biomass) more stable and, in this way, show their overall strategy
as water saver versus water spender, stable water content versus fluc-
tuating water content, or biomass keeper versus leaf shedder. Even
so, while these differences in preferences are present, in general, the
regulation in three canopy-level attributes strongly covary, suggesting
a close coupling of water and carbon regulation. Moreover, ecosys-
tems barely change their drought strategy with deteriorating drought
conditions. However, vulnerable ecosystem types may lose control
at a certain point. Specifically, crops are the most sensitive types in
coping with drought, and they fail to keep their biomass and water
content stable even during mild drought. On the other hand, most
forests can keep their strategy stable along the entire drought severity
range with minimum decrease of individual vegetation attributes.
The comprehensive monitoring developed here can be used to detect
drought strategies at ecosystem level and can be applied to future studies to
reveal drought impacts. This also provides timely information on ecosys-
tem strategies to drought, allowing for improved predictions in DVMs
and earth system models on continental and global scales.

MATERIALS AND METHODS

Data processing

Drought events were characterized by the daily standardized pre-
cipitation evapotranspiration index (SPEI) for Europe in 2018. We
chose SPEI as meteorological drought index instead of soil drought
which is related more directly to vegetation responses. Soil drought
demands soil moisture estimates at high resolution with long time
series, which were either unavailable or insufficient for the study.
SPEI was calculated on the basis of an upscaled precipitation dataset
[Monitoring Agricultural Resources (MARS) precipitation data from the
Joint Research Centre (JRC) upscaled by Meteosat Second Generation-
Cloud Physical Properties (MSG-CPP) precipitation data from the

Chenetal, Sci. Adv. 11, eadt9251 (2025) 30 July 2025

Royal Netherlands Meteorological Institute] (114) and Moderate Reso-
lution Imaging Spectroradiometer (MODIS) MOD16A2 PET data
(115) from 2004 to 2018. For more information regarding the SPEI
product, refer to (116, 117).

To quantify the vegetation responses to droughts, we calculated
their anomalies on the basis of data from 2004 to 2018. The stan-
dardized anomaly in ET (SAET) was calculated with 10-day 1-km
resolution actual ET data from the Operational Simplified Surface
Energy Balance (SSEBop) ETa product (103) (https://earlywarning.
usgs.gov/fews/product/461/). To reduce the anomaly noise of the ETa
data, a running filtering method was used to improve the smoothness
of the trend. In this method, a Savitzky-Golay filter (118) was used to
get the threshold of elimination. ET data were validated by compari-
son with 10-day ET values calculated from latent heat flux and air
temperature measurements from eddy covariance towers. Among
the 73 eddy covariance flux sites provided by the Integrated Carbon
Observation System (ICOS)-Warm Winter 2020 dataset (119), the
13 sites that provided continuous observations from 2004 to 2018
within our study area were selected for validation. The original la-
tent heat flux and air temperature data were quality-controlled and
gap-filled using the Marginal Distribution Sampling (MDS) tech-
nique following the standardized ONEFlux processing pipeline
(120, 121). For comparison, the 1-km resolution pixels in the SSEBop
ET dataset corresponding to the locations of the in situ eddy covari-
ance sites were selected on the basis of the general footprint of
flux towers. SSEBop ET and ICOS ET exhibited a strong correlation
[correlation coeflicient (r) = 0.71] across all ecosystem types during
2004-2018 (fig. S7A).

The standardized anomaly in NDII (SANDII) was calculated with
NDII data produced on the Google Earth Engine (GEE) platform
(122). NDII was usually used as an indicator of the changes in can-
opy water content (105) derived on GEE (108). We calculated the
NDII index on GEE on the basis of the normalized difference value
of band 2 (NIR, 841-876 nm) and band 6 (SWIR, 1628-1652 nm) of
Modis MODO09A1 (123). The equation is as follows

NIR — SWIR 1)
NIR + SWIR

Before this calculation, a mask was first used to MOD09A1 sur-
face reflectance data to remove cloud, snow, and water effects. After
the calculation, values less than the 5th percentile and larger than the
95th percentile of the entire 15-year NDII data series in each pixel
were removed to reduce noise. The NDII dataset from GEE was pro-
duced at 8-day and 1-km resolution.

The standardized anomaly in LAI (SALAI) was calculated with
the GEOV2 LAI data (from the Copernicus Global Land Service)
(124) (https://land.copernicus.eu/en/products/vegetation/leaf-area-
index-v2-0-1km). The LAI products are available each 10 days at
1 km resolution. Similar to the validation of the ET data, LAI pixels
were compared with corresponding eddy covariance GPP data from
the 13 sites in the ICOS-Warm Winter 2020 dataset. GPP estimates
based on the nighttime partitioning method of net ecosystem ex-
change (NEE) with variable friction velocity (USTAR) threshold
filtering were used and aggregated to the same temporal resolution
as the LAI data by calculating 10-day mean values. GEOV2 LAI data
showed a strong correlation (r = 0.83) with ICOS GPP data across
both time and space (fig. S7B).

All standardized anomaly indexes were calculated on the basis of one
equation. For instance, SALAI was calculated on the basis of Eq. 2 (116)

NDII =
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LAI(t) — LAI(t) @
o(t)

where SALAI(t) is the SALAI at time ¢, LAI(t) is the LAI value at

time ¢, LAI is the temporal mean of LAI at time ¢ over 14 years, and

o is the SD of LAI All standardized anomaly indexes were interpo-

lated to daily time scale.

The ecosystem types within which the drought and the vegeta-
tion responses occurred were classified on the basis of the Copernicus
Climate Change Service (C3S) 2018 land cover (LC) map (125). This
dataset uses a consistent classification as the Land Cover Climate
Change Initiative (CCI) from the European Space Agency (ESA).
These land cover data were available at 300 m resolution across Europe
(https://maps.elie.ucl.ac.be/CClI/viewer/).

All data were reprojected to WGS84 and processed on a common
grid with 0.01° resolution. Drought and drought impacts were con-
sidered only for the vegetation life cycle. Therefore, drought index
SPEI and all standardized anomaly indexes (SAET, SANDII, and
SALATI) were extracted within the vegetation phenology defined by the
start (SOS) and end of season (EOS) in each pixel. The SOS and EOS of
vegetation were calculated by the software TIMESAT (126, 127) on the
basis of LAI data, and they are consistent with SOS and EOS from
Modis phenology products (117).

The onset and severity of drought were calculated on the basis of
the drought index SPEIL SPEI values lower than —0.5 were recog-
nized as drought. The total number of days with SPEI values lower
than —0.5 was defined as drought duration, and the sum of these
values was defined as drought severity. Drought with longest dura-
tion was identified and its onset date was calculated to capture the
main start date. The onset and magnitude (i.e., severity) of the de-
creases in vegetation physiological attributes (i.e., vegetation anom-
alies) were calculated on the basis of the same method, with the
severity defined as the sum of standardized anomaly values (SAET,
SANDII, and SALATI) lower than —1 and the onset as the start of the
longest anomaly event.

To reduce the impacts of other disturbances than drought on the
analysis, areas with frequent fire (sum of fires in the 24 months
greater than the 95th percentile) were eliminated on the basis of the
2017-2018 monthly fire data from NASA Earth Observations. Pix-
els with a peak LAI value in 2017-2018 less than 0.4 were removed
as we consider these pixels as bare ground or areas with very sparse
vegetation. Pixels with outliers beyond the 0.02th percentile of the
vegetation anomaly magnitudes in ET, NDII, and LAI were also re-
moved. These thresholds were chosen to remove external interfer-
ences while keeping as many pixels as possible. Only pixels under
drought were considered in the analysis.

To validate the vegetation anomalies results from remote sensing
data, vegetation anomalies calculated from remote sensing-based ET
and LAI were compared with those from in situ ET and GPP, in which
both datasets showed similar magnitudes of anomalies (fig. S8A).
Vegetation anomalies calculated from remote sensing-based NDII
were compared with anomalies based on LPDR v2 VOD derived from
the Advanced Microwave Scanning Radiometer for EOS (AMSR-E)
and the Advanced Microwave Scanning Radiometer 2 (AMSR2)
(128, 129). Daytime X-band (10.7 GHz) VOD data (overpassing at
1:30 p.m.) were used for the comparison, as these data mainly reflect
plant hydraulic regulation. LPDR VOD data are available at a 25-km
resolution, which is much coarser than the 1-km resolution of NDII.
The magnitudes of anomalies calculated from these two datasets

SALAI(t) =
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were compared at 25-km resolution, and only pixels with relatively
homogeneous LC were selected. Specifically, the main LC types and
their proportions were calculated for each pixel, and only pixels with
a proportion greater than 75% of a single LC type within the 25-km?
area were used for the comparison. LPDR X-band VOD data from
2004 to 2018 were used to calculate vegetation anomalies, except for
the discontinuous data in 2011-2012 due to the transition from
AMSR-E to AMSR2. Based on the comparison, we found that NDII
derived from remote sensing is generally capable of capturing vege-
tation water content dynamics in response to drought in ecosystems
(fig. S8B).

Accumulated loss in vegetation physiological attributes

To explore how the regulation of three physiological attributes at
ecosystem scale changed with drought in 2018, the accumulated
losses in these attributes were obtained by calculating the accumu-
lated anomalies in the three attributes (anomalies in ET, NDII, and
LAI) for each pixel. Then, the average response of each individual
vegetation attribute over time for each ecosystem was calculated on
the basis of all accumulated losses in every pixel for this ecosystem.
The average accumulated drought severity over time was calculated
on the basis of the same method, which was calculated on the basis
of the accumulation of SPEI values lower than —0.5 in each pixel.
The average onset and end date of the decrease in the three vegeta-
tion attributes were calculated on the basis of the values of the lon-
gest anomaly events in each ecosystem type, averaged across all pixels
of each ecosystem type.

Paired t tests were used to evaluate whether differences in accu-
mulated loss values across pairs of vegetation attributes at specific
time points (middle and end of drought) were significant. These ac-
cumulated loss values represent the individual measurements that
contributed to the average within each ecosystem type.

Ecosystem strategy changes with drought severity

To evaluate the changes in the onset of ecosystem regulation along a
range of drought severities, first, the differences between the onset
of decrease in vegetation attributes (onset of decrease in ET, NDII,
and LAI) and drought onset were calculated at each pixel to repre-
sent the relative onset of ecosystem regulation. Then, the average
values of these relative onsets (ET relative onset, NDII relative onset,
and LAI relative onset) at each drought severity level were calculat-
ed in each ecosystem type. Drought severity was divided into six
levels (with severities of 0 to ~—600).

Similarly, to investigate changes in the magnitude of ecosystem
regulation with drought severity, average magnitude values of ET,
NDII, and LAI decrease were calculated for the different drought se-
verity levels. To facilitate the comparison of the decrease magnitude
in three vegetation attributes, all values were first scaled to 0-1 by
min-max normalization. Minimum and maximum values were de-
termined from the responses across all pixels while taking the 0.1th
percentile value as the minimum to avoid abnormal minimum values.

Also, to investigate how ecosystem regulation changes with
drought severity in arid and humid regions, average relative onset
and magnitude of decrease in ET, NDII, and LAI were calculated at
different drought severity levels for humid and arid regions, respec-
tively. Arid and humid regions were classified on the basis of the
global aridity index data (130), with a threshold of 0.65. In addition,
variance partitioning was used to assess the contributions of aridity
and drought severity to vegetation anomalies.
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