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Chapter 3

Abstract

Global climate change is projected to increase the severity and duration of droughts across many
regions of the world, which could push ecosystems across their tipping points. To protect the
most vulnerable ecosystems, it is critical to understand if ecosystems are likely to collapse
rapidly or have a certain buffer capacity with aggravating drought (as characterized by their
onset, duration and severity). However, such ecosystem vulnerability has been rarely
characterized. Here, we present a novel, multi-faceted approach to quantify the ecosystem
vulnerability and associated impacts of drought characteristics across different ecosystems at
the continental-scale in Europe using high spatial and temporal resolution satellite data. We
observed substantially different vulnerabilities across ecosystems where the vegetation damage
increases with earlier, longer and more intense droughts. In particular, irrigated croplands are
under prominently high risk when facing intensified droughts with the shortest delay in response
to drought (0.67 times that of other ecosystems) and a fast increase in damage to drought (1.27
times that of other ecosystems). Mixed forests have a prominently low vulnerability in terms of
a notably slow increase in damage to drought (0.67 times that of other ecosystems) and a
relatively long response time (longer than over half ecosystems). Moreover, the vulnerability of
most ecosystems largely increases with increasing drought severity. Consequently, vegetation
tends to succumb more quickly to intensified droughts. Our multi-faceted approach to
ecosystem vulnerability characterization indicates that under future intensified droughts in the
21st century, the functioning of a vast range of ecosystems will be threatened.

3.1 Introduction

Droughts, together with other climate disasters, are considered one of the biggest threats to
humankind, in terms of likelihood and impacts (World Economic Forum, 2018). Droughts
provide tremendous threats to ecosystem structures (Batllori et al., 2020; Senf et al., 2020;
Stovall et al., 2019) and functioning (Anderegg et al., 2013; Ciais et al., 2005), and the
provisioning services (Gupta et al., 2020; Kang et al., 2021; Verschuur et al., 2021) and
regulating services (Anderegg et al., 2019; Phillips et al., 2009; Reichstein et al., 2013) that our
ecosystems offer (Millar and Stephenson, 2015). Droughts are projected to be more prolonged
and extreme over the 21st century (Field et al., 2012), especially in Europe (Naumann et al.,
2021; Samaniego et al., 2018). These projected intensified droughts are likely to have profound
impacts on the structuring and functioning of Earth’s ecosystems (Seddon et al., 2016) and may
push ecosystems to their physiological limits (Allen et al., 2010; Stovall et al., 2019). Facing
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Ecosystems threatened by intensified drought

these deteriorating droughts (characterized by e.g., earlier onset, increasing duration and
severity), understanding if ecosystems are likely to destabilize rapidly or have a certain buffer
capacity is therefore becoming increasingly important for ecosystem service provision and risk
management policies. For this, we need to quantify such ecological vulnerability to drought and
prioritize ecosystems that are most susceptible to drought.

In the past decade, the scientific community has explored ecosystem vulnerabilities using
multiple remote sensing datasets that allow for large-scale and long-term monitoring
(AghaKouchak et al., 2015). Most recent studies have focused on statistical frameworks to
evaluate the vulnerability of vegetation (Pascoa et al., 2018; Xu et al., 2018; Zhang et al., 2017).
Specifically, many studies estimated temporal correlations between drought indexes and
vegetation indexes (Ding et al., 2020; Gouveia et al., 2017; Ji and Peters, 2003), such as utilizing
commonly used drought indexes like the Standardized Precipitation Evapotranspiration Index
(SPEI) (Vicente-Serrano et al., 2010), Standardized Precipitation Index (SPI) (McKee, 1993)
and Palmer Drought Severity Index (PDSI) (Palmer, 1965) and vegetation indexes like the
Normalized Difference Vegetation Index (NDVI), Vegetation Condition Index (VCI) (Kogan,
1995) and Enhanced Vegetation Index (EVI) (Huete et al., 2002). By linking drought to
vegetation indexes by temporal correlation analysis, studies have evaluated effects of long-term
climate conditions on vegetation. However, such analyses failed to distinguish among different
aspects of drought (i.e. onset, duration and severity) and potentially differential responses in
vegetation damage. Thus, they can hardly reveal how damage may increase with specific

deteriorating drought characteristics (i.e. ecosystem vulnerability).

Ecosystem damage to drought can be explicitly characterized by damage timing, damage
duration and damage severity (Chen et al., 2022). Each of these attributes may have a different
sensitivity to the corresponding drought characteristics. Understanding this multi-faceted nature
of vulnerability is a prerequisite for predicting the damage in ecosystems facing future drought
events. To be able to couple multiple attributes of drought and vegetation damage episodes in
different ecosystems, higher spatial and temporal resolution data is required (Kuenzer et al.,
2014), whereas meteorological data applied in previous European-wide studies was limited to a
monthly-25km resolution (Muffler et al., 2020; Sun et al., 2018). Up to now, approaches to
quantify such multi-faceted vulnerability of different ecosystems across large scale have not
been developed.

In this work, we developed a quantitative understanding of multiple facets of drought
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vulnerability of ecosystems using three drought characteristics (onset, duration, severity) across
21 ecosystems with high resolution data at the continental scale of Europe’s ecosystems. Our
research addressed the following questions: (1) What are the spatial and temporal patterns of
drought and ecosystem response characteristics?, (2) How do different ecosystems respond to
earlier, longer and more intense droughts?, and (3) How does vulnerability vary within and

between ecosystems with changing drought characteristics?

To answer these questions, we focused our efforts on the recent pan-European drought of 2018
using high spatial and temporal resolution remote sensing observations. We fused multiple
precipitation products to produce a dataset with higher resolution than previous datasets (Chen
et al., 2022). Combining this precipitation data with potential evapotranspiration (PET) data, the
standardized precipitation index (SPEI) drought index was calculated across Europe for 2018 at
a daily temporal resolution. In parallel, the vegetation damage was estimated on the basis of the
standardized anomaly in leaf area index (LAI) as compared to 2004-2017 to quantify the impact
on ecosystems. Instead of relating drought index (SPEI) directly to vegetation index (LAI), we
coupled corresponding drought and ecosystem characteristics in terms of onset, duration and
severity derived from these indexes. The relationships between these corresponding drought and
ecosystem characteristics were analyzed. We find that ecosystems respond in different ways to
earlier, longer and more intense droughts. This will allow estimating impacts of earlier, longer
and severer droughts in the future (e.g., in terms of when the vegetation damage will start, how
long this damage will last and the extent of this damage). Moreover, we show that ecosystem
vulnerability increases disproportionally with an increase in drought severity. Thus, most

ecosystems will be at risk by more intense droughts in the future.
3.2 Materials and methods
3.2.1 Data processing

An analytical framework has been constructed to quantify the ecosystem vulnerability across
Europe utilizing drought and vegetation damage information data. For characterizing the
drought event, daily SPEI-3 was calculated for 2018 on basis of the MARS precipitation data
(from JRC) (Toreti, 2014) which was upscaled using the Meteosat Second Generation-Cloud
Physical Properties (MSG-CPP) precipitation data (from the Royal Dutch Meteorology Institute,
KNMI), and MODIS MODI16A2 PET data (Running et al., 2017) (from the United States
Geological Survey, USGS) from 2004 to 2018. For more information regarding the SPEI
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product, refer to Chen et al (Chen et al., 2022).

To quantify the vegetation damage caused by drought, the Standardized Anomaly LAI (SALAI)
was calculated with the GEOV2 LAI data (from the Copernicus Global Land Service)
(Copernicus Service Information, 2019) from 2004 to 2018. This validated LAI data product is
available (https://land.copernicus.eu/global/products/lai) each 10 days at 1 km resolution. We
calculated SALAI based on Equation (1) (Chen et al., 2022):

LAI(t)-LAI(t)

SALAI(t) = =

(1)

Where SALAI(t) is the SALAI at time t, LAI(t) is the LAI value at time t, LAl is the temporal

mean of LAI at time t over 15 years, and ¢ is the standard deviation of LAI.

Considering that the direct damage caused by fire to vegetation will affect our analysis of
drought response, based on the 2017-2018 monthly fire data from NASA Earth Observations
(https://neo.sci.gsfc.nasa.gov/), we eliminated the (frequent fire) areas where the sum of fires in
the 24 months is greater than the 95th percentile. Pixels with maximum LAI values in 2017-
2018 lower than 0.4 were removed and pixels with values less than the 0.2th percentile of
vegetation damage severity (indicated by severity calculated based on SALAI) were also
removed. These thresholds were chosen to remove interference factors while keeping as many
pixels as possible. Separate data filters were built based on above principles. If one or more

factors exceeded its threshold, the pixel was removed.

To investigate how vulnerability changes not only spatially but also per ecosystem type, we used
the Copernicus Climate Change Service (C3S) 2018 landcover (LC) map (C3S, 2019), which
utilizes a consistent classification as the Land Cover Climate Change Initiative (CCI) from the
European Space Agency (ESA). This open available map
(https://maps.elie.ucl.ac.be/CCl/viewer/) provides high resolution (300m) validated landcover
data across Europe. The dataset was used to classify ecosystems in our research area

(Supplementary Table S3.1).

All data were reprojected to wgs84 and resampled to a common grid with 0.005 degrees
resolution. Only droughts during the year which contained the vegetation life cycle were
considered. Therefore, we calculated the drought index SPEI and the vegetation damage index
SALAI from 2017.09.20 to 2018.09.19 for the vegetation whose phenology correspondingly
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spanned two years in the Mediterranean region. In other regions, indexes of year 2018 were
used to match the life cycle of vegetation. We did not further constrain data selection as we

observed that constraining data to the growing season in croplands hardly impacted the results.
3.2.2 Drought and vegetation damage characteristics

The onset, duration and severity of drought were calculated based on the drought index SPEI.
We used -0.5 of SPEI as the upper-threshold for drought. Then, the total number of days at
which SPEI values were lower than -0.5 was defined as drought duration, and the sum of these
SPEI values was defined as drought severity. The drought event with the longest duration was
identified and its onset date was calculated. In addition, the onset, duration and severity of
vegetation damage were calculated according to the same method based on SALAI. Vegetation

damage was recognized as SALAI values lower than -1.

In order to understand at which stage of vegetation growth the drought event occurred, we

converted the calculated drought onset date to onset stage through the following equation:
Drought onset stage = (Drought onset date — SOS)/(EOS — SOS) 2)

In which SOS is the Start Of Season date and EOS the End of Season date. Drought onset stage
represents the stage in the growing season where the drought event occurred and ranges from 0
to 1. The SOS and EOS of vegetation were calculated by software TIMESAT based on LAI data.
The onset conversion calculation was also performed by using the SOS and EOS from Modis
phenology product (Zhang et al., 2020) (https://doi.org/10.5067/VIIRS/VNP22Q2.001). These
onsets derived from Modis were similar to that from TIMESAT (Jonsson and Eklundh, 2004,
2002) (Supplementary Fig. S3.1). The onset of the vegetation damage event also underwent the

same conversion.
3.2.3 Data Analysis

The spatio-temporal patterns of drought and vegetation damage and the associated ecosystem
vulnerability across Europe were quantified: First, to exclude interference from other factors,
only those pixels exposed to drought in 2018 were considered in the analysis. To exclude
damage caused by other factors, those pixels with significant negative Pearson correlations
between SALAI and SPEI were excluded from the analysis except when the negative

correlations were caused by the absence of damage during drought. Second, contour plots were
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made based on Gaussian kernel densities using the drought and vegetation damage
characteristics. Third, based on drought and vegetation damage characteristics, standardized
major axis (SMA) estimation was used as an estimate of vegetation vulnerability, using the
SMATR package (Standardized Major Axis estimation and Testing Routines) (Warton et al.,
2012) in R. Slopes of the best fitted lines between drought and vegetation damage characteristics

were provided by SMA, which was used to quantify vegetation vulnerability.

To reduce the influence of outliers on line fitting, a robust SMA was fitted using Huber's M
estimation. Due to the operating limitations of this calculation method and the vast number of
pixels, we resampled the samples at equal intervals. The SMA slopes were quantified and
compared, which allows us to more objectively investigate the variation in responses to drought
between different ecosystem types. The similarity between the slopes of these different
ecosystem types was analyzed using multiple posthoc comparisons by the SMATR package of
the SMA fit. Similar slopes were grouped. Insignificant slopes (P>0.05) and slopes with R-
squared < 0.01 were considered zero. Because of the finite spatial distribution range and drought
severity range of broadleaved evergreen forests and Lichens and mosses, the analysis of their

slopes was limited.

To further evaluate the vulnerability of ecosystems in terms of damage to varying drought
severity, we divided vegetation damage severity into 5 levels and drought severity into 6 levels
(0~-600). Vegetation damage severity of ecosystems was first normalized to a range of 0-1 using
min-max normalization. Then the percentage of observations that falls within one damage level

was calculated for each drought severity level.

We focus our analysis on severity-severity slopes to express the damage vulnerability of
different ecosystem types. Basically, the larger the slope, the greater the vegetation damage with
increasing drought severity, and the more vulnerable the vegetation is. To accurately estimate
how damage vulnerability changes with drought severity, the relationship between vegetation
damage severity and drought severity was fitted by a generalized additive model (GAM) using
the mgev package (Wood, 2011) in R (Supplementary Fig. S3.2). The smooth basis dimension
in GAM was limited to 4 to avoid model overfitting. Subsequently, the first derivatives (slopes)
were derived from the fitted GAM models of each ecosystem type. The same process was

applied to onset-onset and duration-duration slopes.
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3.3 Results

3.3.1 Variability in spatial distribution of drought and vegetation damage

characteristics in Europe
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Fig. 3.1. Spatial patterns of drought and vegetation damage characteristics. a, Onset of longest
drought based on the 3-month SPEI in Europe. b, Onset of vegetation damage based on SALAI. Onset was
converted to the stage in the growing season where the anomalous event occurred (e.g. stage 0 and 1 means
start and end of the growing season, respectively). ¢, d, Drought duration and vegetation damage duration
(measured in days). e, f, Drought severity and vegetation damage severity (measured as the sum severity
of anomaly SPEI or SALAI values - as defined in methods - over the full duration of the drought or
damage). Pixels without drought were not shown for drought duration and severity. Drought and vegetation
damage characteristics of different ecosystem types can be found in Supplementary information

(Supplementary Fig. S3.3).
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The spatial distribution and temporal dynamics of drought and vegetation damage
characteristics of the severe drought of 2018 (unprecedented in the past 2,110 years (Biintgen et
al., 2021)) differed for different parts of Europe (Fig. 3.1). Central Europe experienced the
severest drought, whereas southern Europe experienced milder drought (left panel of Fig. 3.1).
In particular, the drought in the Netherlands, Belgium, Germany, Poland and Czechia occurred
early (earlier than stage 0.3 of the growing season), and lasted longer (longer than 200 days)
causing a more severe event. At the western coast of the Mediterranean (such as south Spain
and south Portugal) the drought also started at an early stage of the growing season (earlier than
stage 0.2), however with a shorter duration (shorter than 100 days), and the overall severity of
the drought was much less. In general, patterns of vegetation damage were consistent with the
spatial distribution of drought characteristics, though with higher spatial heterogeneity (right
panel of Fig. 3.1). Most onsets of vegetation damage showed abnormal development at the peak
stage of its growing season. Similar to the drought duration and severity, we observed longer
affected periods and more severe damage of vegetation in the central and northeastern France,

the Netherlands, Belgium, Germany, Czechia and western Poland.
3.3.2 Ecosystems respond differently to earlier, longer and more intense droughts

The relationships between these high-resolution drought and vegetation damage characteristics
reflect the ecosystem responses to water stress from multiple aspects (delay time, suffering
period and response intensity), which will allow predicting ecosystem responses to future earlier,
longer and more intense droughts. We derived the slopes between the onset-onset, duration-
duration and severity-severity by using standardized major axis (SMA) estimation to indicate
ecosystem vulnerability. If with an increasing drought duration and severity the vegetation
damage is less long and less severe, this will translate in lower slopes (Supplementary Fig. S3.5
and Fig. S3.6), and therefore indicates a lower vulnerability. In contrast, a higher onset-onset
slope indicates a longer delay time of the vegetation damage, and hence a lower drought
vulnerability. The combination of these three aspects reflects vegetation strategies facing

drought.

Using the onset-onset slopes, we found that the time when vegetation started to be damaged by
the water shortage, depends on the onset of the drought events. Specifically, we found a linear
pattern (Supplementary Fig. S3.4) between the onsets of vegetation damage and drought with
significant correlations (R? ranging 0.06 to 0.41, with an average of 0.21, P<0.05), indicating

that almost all ecosystem types vegetation damage onsets followed the drought onsets. This may
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imply that with an earlier drought onset in the future, ecosystems would also be damaged earlier.
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Fig. 3.2. Vulnerability varies between different ecosystems based on slopes derived from drought and
vegetation damage characteristics. a—c: Slopes in different ecosystem types derived for onset-onset
(a), duration-duration (b), and severity-severity (c) relationships of drought vs damage in ecosystem cover

based on standardized major axis (SMA) models. The letters above the slopes bars indicate which
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ecosystem types differ significantly in their slopes, with the same letter meaning similar slopes. The color
of the bars represents different ecosystem type categories. Please note that insignificant slopes (p>0.05)

and slopes with low correlation (R2 < 0.01) are not shown.

Interestingly, this onset-delay (represented by the onset-onset slope) varies per ecosystem type
(Fig. 3.2a), indicating different delays of vegetation for different ecosystems. For croplands, an
onset-onset relationship was found with slopes < 1, indicating that the crops responded quickly
to drought and were already affected by water stress before the longest drought event had started.
Among croplands, irrigated croplands showed the shortest delay time (with a slope of 0.68),
while rainfed tree/shrub cover croplands showed the longest delay time (a slope close to 1). The
response time of trees to drought showed a relatively long delay. Specifically, wetland
ecosystems with tree cover showed the longest delay in drought onset (with a slope of 1.88),
and needle-leaved deciduous forests also showed a long delay (with a slope of 1.23). The delays

in the onset of vegetation damage in grasslands were between that of trees and crops.

Most of the vegetation showed an increased damage duration with an increase of drought
duration (Supplementary Fig. S3.5). This suggests that with drought duration predicted to
increase in the future (Samaniego et al., 2018), the duration of damage to the vegetation will
also increase. However, ecosystems showed different vulnerabilities (as indicated by slopes) of
damage duration with extending drought duration. We find that for forests the period of
vegetation damage grew most slowly with an increase of drought duration, never exceeding the
drought duration (slope <1) (Fig. 3.2b). Among crops, the duration of vegetation damage also
grew slowly with increasing drought duration in some types (slope<l), while slope>1 for
irrigated croplands, rainfed tree/shrub cover croplands and mosaic natural vegetation/croplands.

For grasslands, we find similar durations for drought and vegetation damage (slope ~1).

Severity-severity slopes (Fig. 3.2c¢) varied strongly across different ecosystem types, with
forested ecosystems showing a relatively slow increase in damage with increasing drought
severity (small slopes and low vulnerability) and crops having a relatively fast increase in
damage (high slopes and high vulnerability). Specifically, we observed that mixed forests and
needle-leaved evergreen forests both have a relatively low vulnerability to drought severity
(with slopes of 0.54 and 0.59, respectively). Forests with mixed coniferous and broad-leaved
trees were less vulnerable than simple coniferous or broad-leaved forests. Among crops, rainfed
tree/shrub cover croplands, mosaic natural vegetation/croplands and irrigated croplands were

the most vulnerable types, with slopes of 1.04, 1.01 and 0.99, respectively. Surprisingly, rainfed
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croplands and rainfed herbaceous croplands were found to be the least vulnerable types among
the crops, with slopes of 0.71 and 0.70. In general, irrigated croplands were much more
vulnerable than most rainfed croplands. The vulnerability of crops mixed with natural vegetation
was also found to be higher than that of rainfed croplands and rainfed herbaceous croplands.
Grasslands and mosaic vegetation were more vulnerable than most forests but less vulnerable
than irrigated croplands. Among wetlands, systems with flooded shrub/herbaceous cover
showed a relatively lower vulnerability than terrestrial grasslands and shrublands. Mosaic
forests, in which trees and shrubs have a higher cover than herbaceous plants, were less
vulnerable than mosaic grasslands, in which herbaceous cover dominates. The high proportion
of trees and shrubs in mosaic forest/grassland seems to increase its drought resistance and
thereby reduce its vulnerability. In contrast, in sparsely vegetated and rainfed croplands,
tree/shrub cover seems to increase its vulnerability. Compared to herbaceous plants, trees or
shrubs growing in areas with relatively harsh environments may increase the vulnerability of
the ecosystem to drought. The low vulnerability of sparse herbaceous cover may be affected by

the inaccurate detection in LAI variation induced by the low LAI values.

Evaluating the vegetation damage distribution across a range of drought severities (Fig. 3.3)
provided more insights in ecosystem vulnerability. For example, the low vulnerability of mixed
forests and needle-leaved evergreen forests was due to their low sensitivity of vegetation
damage to increased drought severity and the high percentage of mild damage observations
under severe drought. Closed broadleaved deciduous forest, needleleaved deciduous forest and
flooded tree cover did not show a strong relationship between drought severity and vegetation
damage severity (severity-severity slopes not shown in Fig. 3.2c). Their low sensitivity to

drought severity variation is also apparent in Fig. 3.3.
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3.3.3 Vulnerability changes disproportionally with drought severity

The previous sections showed strong differences among ecosystem types in their vulnerability
to drought with relatively similar differences in vulnerabilities between ecosystem types for the
different drought metrics. Onset and duration primarily relate to phenology impacts, while
severity ultimately relates to many ecosystem functions. To understand how vulnerability
changes with increasing drought severity, we evaluated the severity-severity slopes for varying

drought severity based on first derivatives from generalized additive model (GAM).

Most ecosystem types showed increasing damage vulnerability as the severity of drought
increases (Fig. 3.4). This accelerating trend, however, declines when vegetation damage has
reached high levels under severe drought. This pattern was most strongly found for severity-
severity slope changes and to some extent also for duration-duration slopes. The onset-onset
slope did not show consistent changes with increasing drought. These results also indicate that
with increasing drought severity under climate change (Vicente-Serrano et al., 2014), vegetation
damage could increase disproportionally for most ecosystem types. This disproportional
response suggests that as drought intensifies in the coming decades, the performance of a wide

range of ecosystem types will be threatened.

Y,
Rainfed cropland(global)
Rainfed cropland(herbaceous)
) i — Rainfed cropland(tree/shrub)
g— Irrigated cropland
R Mosaic cropland/natural vegetation
> Mosaic natural vegetation/cropland
E Broadleaved deciduous forest(closed to open)
g | Needleleaved evergreen forest
3 =1 P Mixed forest
4 e \ Mosaic forest
£ - o < Mosaic grassland
153 /j// — o Grassland
n>) —_— — — T — Shrubland(global)
©w g+ D —— Deciduous shrubland
Sparse vegetation(global)
Sparse shrub
Sparse herbaceous cover
Flooded tree cover
lg - Flooded shrub/herbaceous cover
! T T T T T T T
-600 -500 -400 -300 -200 -100 0

Drought severity

Fig. 3.4. Severity-severity slopes with increasing drought severity for various ecosystem types. The

monochromatic color of the lines represents different ecosystem categories (as defined in Fig 3.2).
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3.4 Discussion
3.4.1 Vulnerability variation between and within ecosystem types

With drought severity and duration going to increase in many regions under climate change,
knowing how ecosystems will respond to those drought characteristics of recurrent drought is
crucial. By quantifying ecosystem vulnerability (from onset-onset, duration-duration and
severity-severity slopes) at a high-resolution, we provide a holistic perspective to ecosystem
vulnerability. We observed that the differences in vulnerability depend mainly on ecosystem
type instead of on location. Different ecosystem types located in the same area showing various
response patterns, while ecosystem types that are widely distributed in Europe showed
consistent responses.

In particular we observed that most forest ecosystems show low vulnerability with high
buffering capacity to intensified drought. They suffered less drought impact under water stress,
this is consistent with previous studies (Nicolai-Shaw et al., 2017; Pascoa et al., 2020) and is
likely attributed to their deep root systems. However, between forests, still major differences
are found. Our results for broadleaved deciduous forests showed a relatively faster response and
higher damage vulnerability than for needle-leaved evergreen forests and mixed forests. Most
likely, this is because the strategy of broadleaved deciduous trees is to reduce the leaf area in
order to protect themselves against the hydraulic damage under drought (Bréda et al., 2006;
Munné-Bosch and Alegre, 2004; Schuldt, 2020). Needleleaved forests showed the slowest
response among all forests, which may be explained by their water saving strategy, with wide
hydraulic safety margins, early stomatal closure and lower carbon gain (Carnicer et al., 2013;
Choat et al., 2012). Mixed forests showed a lower vulnerability than needle-leaved evergreen
forests and broadleaved deciduous forests. A possible explanation for this is that a mixed forest
represents different (broad-leaved and coniferous) compensating strategies to deal with drought
as related to their different physiological traits (Anderegg and Hillerislambers, 2016;
Migliavacca et al., 2021; Pardos et al., 2021). Broad-leaved trees generally show a larger latent
heat flux due to higher stomatal conductance, which could cool the mixed forest during drought,

but will increase the risk of soil moisture scarcity at the same time (Schwaab et al., 2020).

In addition to forests, also wetlands — and particularly forested wetlands — showed very long
delay times and low responses to drought duration and severity (Fig. 3.2). In the case of wetlands,

this is likely related to the large water buffering capacity of wetlands that is not accounted for
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in the SPEI characterization of drought. In contrast, we observed that croplands were generally
highly vulnerable to drought impacts, which may be related to the generally lower resistance of

agricultural systems compared to natural ecosystems (De Keersmaecker et al., 2016).

Despite the clear differences between ecosystem types, we also observed large variations in
vegetation damage severity in response to drought severity within different ecosystem types
(Supplementary Fig. S3.6). This variation may be derived from either differences in vegetation
strategies of the various plant species within an ecosystem type, or from different soil conditions,
such as available soil-water-retention and soil fertility across different locations (Rita et al.,
2020). Indeed, soil characteristics have been found to impact angiosperm resistance in dry or
wet seasons (Li et al., 2020). Likewise, soil microbial presence has been shown to increase
drought resistance of some plants or ameliorate drought stress in plants (Kannenberg and
Phillips, 2017; Xi et al., 2018). Further studies of these variations are needed to achieve more

accurate drought impact prediction.

The variation in duration-duration patterns (Supplementary Fig. S3.5) within some ecosystem
types was larger than that of severity-severity patterns, while the variation in onset-onset
patterns (Supplementary Fig. S3.4) between and within ecosystem types was found to be much
lower. Most onsets have a slope around one, suggesting a tight and robust relationship between
drought onset and vegetation damage onset. This coupling is even stronger for agricultural
ecosystems than for other ecosystem types. Moreover, while there is a certain association
between the onsets of vegetation damage and drought, we find little impact of the drought onset
on the total vegetation damage under similar drought conditions, indicating that the vulnerability
does not strongly depend on the timing (early or late during the growing season) of the drought.
In combination, our evidence therefore indicates that drought severity might be among the more

critical metrics for estimating future drought impacts on vegetation.
3.4.2 A disproportionally increased vulnerability to intensified drought

Although there is major variation in the vulnerability within individual ecosystem types, in
general, the vulnerability of most ecosystem types tends to increase rapidly once drought begins
to become severe. In this context, even a slight increase in drought severity may lead to nonlinear
effects through increased mortality risks. As drought severity increases, ecosystems reach high
levels of vulnerability, although the drought severity at which maximum levels of vulnerability

are reached varies between ecosystem types. This implies that under severe drought situations,
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even drought-tolerant ecosystems can hardly avoid being severely impaired by drought. It also
suggests that with increasing drought severity under climate change, ecosystems are more likely
to become highly vulnerable and may collapse. Therefore, a vast range of ecosystem types is

threatened by the intensified drought in the future.
3.4.3 Implications for future climate change adaptation

Our ecosystem vulnerability results provide useful information for upcoming climatological
challenges. Diversity in species, traits and functional strategies to drought has been
acknowledged as important factors in regulating the vulnerability of ecosystems to drought
(Anderegg et al., 2018; Grossiord, 2020). We found that mixed forests with their higher diversity
have lower vulnerability than monospecific forests during drought. Increasing drought severity
in future climate can further affect forest structures and functions, and thus carbon cycling and
its feedback to the climate system (Frank et al., 2015). Forest management strategies aiming to
increase diversity within forests may help to increase the resistance of the whole forest
ecosystem to drought and thus reduce the negative impacts of drought on carbon cycling. Thus,
managing carbon sequestration and storage in the future requires careful consideration of forest

vulnerability.

With regard to agricultural production in a changing climate, we found that irrigated croplands
are particularly vulnerable with low buffering capacity when facing intensified drought and
much more vulnerable than rainfed croplands. A possible explanation for this is that irrigated
crops usually need large amounts and constant water supply, and a shortage of irrigation during
severe drought will cause water stress, to which some of them lack strategies to adapt.
Considering that irrigated crops have yields at least twice those of nearby rainfed crops and that
irrigated agriculture accounts for nearly half (47%) of all crop production in developing
countries (Dubois and others, 2011), this could potentially have severe implications on global
food insecurity. In line with a projected increase in droughts frequency, yields of irrigated crops
may be threatened further, and the pressure on water resources due to irrigation will further
increase. Hence, advanced deployment and planning of water resources or development of
recycled water technology, improvements of crop drought tolerance and diversification in the
food system (IPCC, 2019) are needed to reduce risks.

Flooded shrub and herbaceous cover showed a long delay time to drought, while the damage

vulnerability of herbaceous cover and shrubs in wetlands is only slightly less than that of
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terrestrial grasslands. Some non-woody wetland vegetation may quickly recover under re-
wetting conditions after drought through seed germination or rhizome regeneration. However,
the extent to which recovery will occur depends on the water availability after the drought
(Capon and Reid, 2016). With increasing shortage in the future, the wetland environment is
facing the risk of degradation (Sandi et al., 2020). Therefore, the management and protection of
the wetland vegetation are also important. Woody vegetation is not as adaptable as herbaceous
cover in relatively arid or harsh environments (e.g. in ecosystems with sparse vegetation and in
rainfed croplands). Under extreme drought conditions, these woody vegetations may further
degenerate or experience the invasion of exotic shrub/herbaceous species (Caldeira et al., 2015;
Puritty et al., 2019).

3.5 Conclusion

Our continental-scale analysis shows that ecosystems differ in their vulnerability to deteriorating
drought conditions. In particular, irrigated croplands showed the shortest delay in response to
drought (0.67 times that of other ecosystems) and a fast increase in damage to drought (1.27
times that of other ecosystems). Thus, they are considered at extremely high risk when facing
future drought and mitigation activities are needed to reduce these risks. Among all ecosystems,
mixed forests showed a very low vulnerability with a high buffering capacity against the
increasing drought conditions. Their damage increased more slowly with drought, 0.67 times
that of other ecosystems and 0.81 times that of other forests. Increasing diversity within forests
may help to increase the drought resistance of entire forest ecosystems and thus to reduce
drought impacts on the global carbon balance. Moreover, most ecosystem types tend to show an
increasing vulnerability to intensified droughts, which suggests that a vast range of ecosystems
is at risk under climate change. The multi-faceted assessment of ecosystem vulnerability
provided in our study will help to forecast and quantify vegetation damage to future global

climate change challenges and inform drought mitigation policies.
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In general, Rainfed croplands (tree/shrub) and irrigated croplands experienced a mild drought,

but they suffered serious damage. Forests experienced relatively more severe droughts, but the
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damage they suffered is not high. Drought mainly occurred in the early growth stage of rainfed
croplands (tree/shrub) and irrigated croplands, lasting for a short time. In contrast, drought
started in the early and middle growth season of forests, lasting for a long time. Drought
occurred in the early growth stage of shrublands (shrublands (global) and deciduous shrublands)

and lasted more than 3 months, causing a high impact.

E 1.50 Rainfed cropland(global) “:‘ 1 Rainfed cropland(herbaceous . ?,’ 1 JRainfed cropland(tree/shrub E 150 Irrigated cropland

= L | = . = . = L |

5 6 = = -] 3

z 1.25 it 1.25 Z 1.25 . B 125

20 l‘()l'_! E 1.00 ’ ) 1.00 E 1.00

£ 075 4 g 075 £ 075 g 075 2

. ’ é -

2 0s0 £ os0 2 £ o050 4 8 os0 '] P

g 025 / , £ 028 ’ g 025 £ 025 \

= 000 = 000 £ 0.00 rl 2 = 0.00 -’

£ 025 £ 025 £ 025 2025

80050 ————————— Lp 5050 - Ho o gh-050 Ho  go-os0b—————— Lo

= 1.0-0500 0.5 1.0 1.5 20 = 1.0-0500 05 1.0 15 20 =4 1.0-0.500 05 1.0 1.5 20 = 1.0-0.5 00 05 1.0 15 20
Drought onset Drought onset Drought onset Drought onset

- Mosaic cropland - Mosaic natural vegetation - — Broadleaved deciduous forest

“c,}, 150 /matural vegetation g 1.50 Jeropland g 1jgrmulle:werl evergreen forest 2 150 (closed to open) , .

S oas S 1as 75 S 138 > 1as I

B 100 6 % o100 % 100 4 %00

£ 075 £ 07s 0 £ 075 ERE

£ 050 > ’ 4 B 050 - -5 0.50 K ’ 05

g 025 # £ 025 £ 025 -

2 000 . 2 o # 25 £ oo ' 4

i_gé(il =0 E‘:glzj =00 i‘:g.zj =0 E) =00

27100500 05 10 15 20 2700500 05 10 15 20 2 7T1L0-05 00 05 10 15 20 2 00500 05 10 15 20
Drought onset Drought onset Drought onset Drought onset

. Broadleaved deciduous forest - o o

] ] ] ]

E 1.50- (closed) E ‘g':]lged]eleaved evergreen forest . 2 M‘l{gwm g 150, Mixed forest

o L2 4 2 oas S o12s o 128 5

2 o = o = o R -

= 4 A

£ 050 . , S o030 ’ £ 050 . £ 0s0 ’ 2

£ 025 ’ ‘g o0 , £ 015 g 02

£ 000 5 000 £ 000 R 1

% 0%) o 3% o 3505 o 575 L

200500 05 10 15 20 2 "Cl0-0500 05 10 15 20 2 700500 05 10 15 20 2 7TT0-0500 05 10 15 20
Drought onset Drought onset Drought onset Drought onset

E Mosaic forest E Mosaic grassland § . Shrubland(global) E Deciduous shrubland

g 150 £ 1 £ 1 s B MO

o 1.25 ; 1.25 q‘; 1.25 o 1.25

50 1.00 3200 100 100

g g s 4 2 5 2

E 075 £ 075 £ 075 4 E 075

S 050 / 2 £ 050 ’ £ 050 = 050

g 025 = 025 2 £ 025 , 5 02 |

5 000 P 1 000 S 000 ’ g o

£ 025 £ 025 £ -025 £ 025

20 e Lo 2050 Hoo E050 - Qoo epsob o g

2 0500 05 L0 15 20 £ 7TT10-0500 05 10 15 20 £ TT10-0500 05 10 15 20 2100500 05 10 15 20
Drought onset Drought onset Drought onset Drought onset

] E i 2 y i E]

2 150 Grassland é 150 Lichens and mosses 10 é i So—w 2 150 Sparse shrub

So1as 75 O 125 2 s 212

@100 100 2 1.00 , P 100 4

E 075 s0 E 075 ' £ 075 E 075

2 050 7 E os0 05 & 050 ’ 3 050 ,

£ 025 = 025 g 025 | g 02 2

2000 25 = 000 £ 000 P £ 000

£ 025 £ 025 £ -025 £ -025

20050 | Ly 20050 o0 EB-050 Yoo ososobl—e e g

2 100500 0.5 1.0 1.5 20 2 1.0-05 00 05 1.0 15 20 2 1.0-0.5 0.0 0.5 1.0 1.5 2.0 2 1.0-0.5 00 05 1.0 1.5 20
Drought onset Drought onset Drought onset Drought onset

N ~ _ Flooded shrub

2 Sparse herbaceous cover 2 Flooded tree cover 2 . /herbaceous cover

£ 150 R £ 150y 5

e 3002 s S o1

=100 100 , 2 Loo

E 075 5 E 073 £ 075 50

2 050 ' g 050 & 050 v

£ 025 = 025 | 8 025

2 000 ¢ £ ooo 2 000 23

8ok | B o Blos oo

2 TE00-05 00 05 10 15 20 £ TR0-05 00 05 10 15 20 2 " 0005 00 05 10 15 20
Drought onset Drought onset Drought onset

Fig. S3.4. Vegetation damage onset and drought onset relationships. The contour plots are based on

81



Chapter 3

Gaussian kernel densities, calculated from both the onset of vegetation damage and drought onset datasets.

The dark color represents high density of observation points while light red represents low density.
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Table S3.1. Ecosystem types in the study area.

Global Regional Ecosystem type
10 Cropland, rainfed
11 Cropland, rainfed, herbaceous cover
12 Cropland, rainfed, tree or shrub cover
20 Irrigated or post-flooding cropland
30 Mosaic cropland (>50%) /natural vegetation (tree, shrub, herbaceous
cover) (<50%)
40 Mosaic natural vegetation (tree, shrub, herbaceous cover)(>50%)
[cropland (<50%)
50 Tree cover, broadleaved, evergreen, closed to open (>15%)
60 Tree cover, broadleaved, deciduous, closed to open (>15%)
61 Tree cover, broadleaved,
deciduous, closed (>40%)
70 Tree cover, needleleaved, evergreen, closed to open(>15%)
80 Tree cover, needleleaved, deciduous, closed to open (>15%)
90 Tree cover, mixed leaf type (broadleaved and needleleaved)
100 Mosaic tree and shrub (>50%) /herbaceous cover (<50%)
110 Mosaic herbaceous cover (>50%) /tree and shrub (<50%)
120 Shrubland
122 Deciduous shrubland
130 Grassland
140 Lichens and mosses
150 Sparse vegetation (tree, shrub, herbaceous cover) (<15%)
152  Sparse shrub (<15%)
153  Sparse herbaceous cover
(<15%)
160 Tree cover, flooded, fresh or brackish water
180 Shrub or herbaceous cover, flooded, fresh/saline/brackish water
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