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Abstract Forest protection and afforestation have been identified as a means to partially offset
anthropogenic CO, emissions. Yet, increasingly frequent observations of drought-induced tree mortality

are reported. Here, we applied a risk analysis framework for global drought-induced forest mortality by
examining extreme reductions in greenness and water content of forest canopies during past mortality events
as well as growth recovery of surviving individual trees following stand-scale mortality events. We defined
a drought-induced mortality risk index (DMR) that explains 80% of documented tree mortality. Rising

CO, alleviated the increase of DMR with short-term drought, however, the observed DMR increases with
long-term drought no matter whether considering plant responses to CO,. DMR in sites where tree mortality
has been observed significantly increased since the 1980s. More than that, drought exposure threatened 0.28
billion hectares of forested areas. Our framework highlights how climate change-induced drought, especially
hotter-droughts, threatens the sustainability of global forests.

Plain Language Summary Planting trees remains one of the most effective strategies for mitigating
climate change. Studies suggest that an additional 900 million hectares of new tree-planted areas could be
supported by current climate conditions. However, the benefits of massive forestation efforts may be offset by
increasing drought-induced mortality. We conducted a risk analysis based on the robust relationship between
forest mortality and drought. Our findings show that drought-induced mortality risk can identify 80.0% of
documented tree mortality events. While rising CO, levels can alleviate the increase of mortality risk in short-
term droughts, it has little effect on mortality risk during long-term droughts. In the past decades, both short-
and long-term droughts have threatened 0.28 billion hectares of forested areas globally, and the mortality risk
has been increasing in particular regions.

1. Introduction

Forests sequester up to 25% of anthropogenic carbon dioxide emissions annually, thus mitigating climate change
(Bonan, 2008). However, the future of forests is highly uncertain (Brodribb et al., 2020), because most forested
biomes are exposed to rising temperatures, atmospheric water demand and increasingly frequent and serve
drought stress events (Allen et al., 2015). Sequestering atmospheric carbon comes at a cost for trees—for each
molecule of carbon gained, many molecules of water are lost. During extended and intense drought and heat stress,
this can lead to hydraulic dysfunction and ultimately to tree mortality (so called “hydraulic failure” (McDowell
et al., 2008)), potentially causing large-scale tree dieback globally (Allen et al., 2015; Hammond et al., 2022).
Currently, it remains unclear whether drought-induced mortality observations in many forested regions and
biomes are representative of a general forest decline globally, and whether such a trend may continue given that
more frequent, longer and more intense droughts are likely to occur with land surface warming (Ault, 2020; Liu
et al., 2018; Touma et al., 2015).
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A global synthesis of lethal drought experiments has shown that hydraulic failure is a mechanism ubiquitously
associated with tree mortality (Adams et al., 2017), yet, simulation of mortality based on these results may
overestimate individual-scale physiological stress and landscape-scale mortality rates in forest ecosystems
(Fisher et al., 2018). Extreme drought events are generally considered as key drivers of extensive forest mortality
(Allen et al., 2015), however, long-term stress of gradually drying climate may also decrease the ability of trees
to recover from droughts and in turn amplify forest mortality induced by extreme droughts even further (Allen
et al., 2015; Anderegg et al., 2020; Bauman et al., 2022; Matusick et al., 2018). To account for the interaction of
extreme drought events (pulse drought) and progressive long-term drying (press drought), we applied a “press and
pulse” framework inspired from description of disturbances in ecological systems (Harris et al., 2018) (Figure 1a)
and analyzed historical forest mortality events based on the processes related to tree mortality or forest die-off,
including canopy dieback and subsequent growth releases of surviving trees recorded in annual growth rings
(Figure 1b). We addressed the following questions: (a) whether both pulse and press droughts increased tree
mortality risk? (b) where were the hotspots of forest mortality in the past several decades?

2. Material and Methods

2.1. Data Sources
2.1.1. Drought Indices

We employed both meteorological drought indices and ecological drought indices to assess the extent of drought
stress in our study. Palmer Drought Severity Index (PDSI, Osborn et al., 2018) and the Standardized Precipitatio
n-Evapotranspiration Index (SPEI, Vicente-Serrano et al., 2010) are widely recognized as meteorological drought
indices, which gauge the deviation in surface water balance by evaluating the disparity between precipitation and
potential evapotranspiration (Dai, 2011; Vicente-Serrano et al., 2010). Monthly grids of the PDSI were obtained
for 1901-2017 with 0.5° spatial resolution from the Climatic Research Unit at the University of East Anglia
(http://www.cru.uea.ac.uk/). Considering that the PDSI has a fixed temporal scale, we used the SPEI calculated
at a 3-month time scale (SPEIO3) to consider the multiscalar nature of droughts (Vicente-Serrano et al., 2010).
SPEI3 data with a spatial resolution of 0.5° were obtained from the IPE-CSIC (Zaragoza, Spain) SPEI database
V2.4 (http://sac.csic.es/spei/database.html).

However, relying solely on meteorological drought indices may lead to an overestimation of the impact of drought,
as elevated CO, levels can mitigate drought stress by enhancing water use efficiency (Swann et al., 2016), ulti-
mately lowering the risk of forest mortality (Liu et al., 2017). Meanwhile, this process reduces vegetation tran-
spiration and consumption of soil moisture (Yang et al., 2019). Therefore, we incorporate soil moisture as an
additional drought stress indicator, which offer a more accurate reflection of the drought stress experienced
by vegetation, taking into account in the potential reduced transpiration caused by the physiological response
of plants to increasing CO, (Swann et al., 2016). In this study, we acquired monthly soil moisture grids for the
period 1980-2017, with a spatial resolution of 0.25°, from the Global Land Evaporation Amsterdam Model
(GLEAM) outputs (https://www.gleam.eu/). GLEAM soil moisture data was assimilated from diverse data sets,
including satellite-based observations of soil moisture and vegetation optical depth (VOD) (Martens et al., 2017).
To address the limitations of GLEAM soil moisture data, which features a restricted temporal coverage and may
not align optimally with tree-ring data, we supplemented our analysis with soil moisture data from the Global
Land Data Assimilation System (GLDAS, https://ldas.gsfc.nasa.gov/gldas). Models in the GLDAS project
used satellite-based leaf area index products as vegetation parameters to generate land surface fluxes (Rodell
et al., 2004). The GLDAS soil moisture data covers the period from 1948 to 2014, with a spatial resolution of
0.25°. Soil moisture data from both GLEAM and GLDAS was resampled to a spatial resolution of 0.5°.

2.1.2. Satellite Measurements of Forest Canopy

To reconstruct the short-term canopy dieback related to forest mortality, we used satellite measurements of
both the normalized difference vegetation index (NDVI) and VOD. NDVI is an optical indicator for describing
forest canopy greenness and has been widely used in forest mortality monitoring at the regional scale (Hart
& Veblen, 2015; Rogers et al., 2018). Biweekly NDVI time series were acquired from the Global Inventory
Modeling and Mapping Studies (GIMMS) NDVI3g data set with a spatial resolution of 0.0833° (https://climate-
dataguide.ucar.edu/climate-data/ndvi-normalized-difference-vegetation-index-3rd-generation-nasagfsc-gimms).
The GIMMS NDVI3g data set was derived from the National Oceanic and Atmospheric Administration
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Figure 1. Method framework of this study. (a) Roadmap of relationship between forest mortality risk and two types of
droughts. (b) Potential mortality events derived from satellite measurement-based canopy dieback during mortality and tree-
ring record-based growth release of surviving trees after mortality.

(NOAA)/Advanced Very High Resolution Radiometer (AVHRR) satellites (Pinzon & Tucker, 2014) and covers
the period from 1982 to 2015. The larger 15-day NDVI was adopted for each month to produce monthly NDVI
time series.

Although satellite measurements of NDVI contribute to capturing reduced canopy greenness, water content
is also an indispensable indicator reflecting canopy dieback and drought-induced mortality (Martinez-Vilalta
et al., 2019). The VOD time series describes the attenuation of radiation by vegetation, which is an ideal indi-
cator of vegetation water content. Recently, VOD has been used in applications for forest mortality monitoring
at a large scale (Rao et al., 2019; Verbesselt et al., 2016). Daily VOD time series were obtained from the VOD
Climate Archive with a spatial resolution of 0.25° (https://zenodo.org/record/2575599) (Moesinger et al., 2019).
The VOD time series were merged from various spaceborne sensors (Moesinger et al., 2019). Here, we used the
Vegetation Optical Depth Climate Archive (VODCA) product for the Ku-band, which contains the longest time
span (1987-2017). We averaged the daily VOD time series to monthly data.

Both satellite data sets were aggregated to a spatial resolution of 0.5° to match the drought indices. We used the
overlapping time span (1988-2015) for the NDVI and VOD data sets.
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2.1.3. Tree-Ring Width Records

To reconstruct the long-term canopy dieback related to forest mortality, we used tree ring width indices were
obtained from the International Tree-Ring Data Bank (Grissino-Mayer & Fritts, 1997) (ITRDB, https://www.
ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/tree-ring). This database is the largest open-access
tree ring database in the world and includes tree ring width data and detrended and standardized mean series of
ring-width indices or chronologies. To better quantify growth change dynamics at the site level, we chose to use
raw series of ring-width indices to estimate the disturbance history of forests. All available tree ring indices that
satisfied the following four conditions were chosen: (a) at least five tree core samples collected in each site; (b) at
least 50% of samples covered more than 50 years during the period from 1901 to 2017; (c) each ring width index
derived from a measurement of tree ring width without splicing or deleting; and (d) locations and tree species
recorded. In summary, we obtained data from 119,588 cores sampled at 3,218 sites, corresponding to 196 tree
species belonging to 48 genera, of which 23 genera were angiosperms and 25 genera were gymnosperms.

2.1.4. CO, Concentration

We used global average atmospheric CO, concentration reported by the US National Oceanic and Atmospheric
Administration Earth System Research Laboratory (NOAA/ESRL) (Lan et al., 2023), for the period between
1980 and 2010. The annual global CO, concentration is constructed by averaging half-hourly latitudinal CO,
concentrations interpolated from the measurements of all NOAA/ESRL sites (Masarie & Tans, 1995).

2.1.5. Tree Mortality Database

We calibrated our model using the drought-induced tree mortality database that was collected from the literature
(Hammond et al., 2022) and made available at the website of the International Tree Mortality Network at https://
tree-mortality.net. This database contains locations, tree species most impacted, and the year of tree mortality
events caused by dry and/or hot spells. In this study, we used the locations of 1,303 ground-based plots where tree
mortality events were documented, including detailed locations and observed years of mortality.

2.1.6. Forest Definition

According to the Food and Agriculture Organization of the United Nations (FAO), forest is defined as “land span-
ning more than 0.5 ha with trees higher than 5 m and a canopy cover of more than 10%” (FAO, 2020). Consider-
ing that the spatial resolution of 0.5° in this study may result in mixed information from different vegetation types,
we increased the canopy cover threshold to 20%. Using the global tree cover data at a resolution of 30 m (Hansen
et al., 2013), we extracted forest-dominant grid cells that meet the following criteria: (a) tree cover >20%. (b) a
0.5° x 0.5° cell covering more than 50% of the 30-m cell with tree cover >20%.

2.2. Relationship Between Drought Exposure and DMR
2.2.1. Definition and Quantification of Pulse Droughts

Pulse droughts are defined as periods when drought indices (PDSI and SPEI) were below the 95th quantile of the
distribution of each grid cell. Both PDSI- and SPEI-derived pulse droughts were extracted from 1901 to 2017.
Metrics describing the effects of pulse droughts are usually based on single event characteristics, for example,
drought intensity, which may underestimate the impacts of extended drought periods on trees. Therefore, we used
DE as a metric describing the impacts of pulse droughts, and calculated it as the integral of the drought index
anomaly during each pulse drought, as Equation 1:

b
DE = '/f(x—y)dx )

where x and p are the drought index and its multiyear average, respectively, and a and b are the start and end
of each pulse drought, respectively. The absolute value of the integral was used to exclude the influence of the
drought index's sign on the DE estimation.

2.2.2. Definition and Quantification of Press Droughts

A press drought is regarded as a long-term period with enhanced DE. We evaluated the drought change by calcu-
lating the difference between the preceding and subsequent 10-year DE means. Press droughts are defined as

XUET AL.

40f13

85UB0 1T SUOWILIOD BAIRa.ID 3|gedt|dde ay) Aq pausenob afe saie YO ‘9sn Jo Sa|nl Joj Akelq 1T auluQ 481 UO (SUO 1 IPUOD-pUe-SLLLIBYWI0D" A3 | 1M Afeiq 1/BuUO//:SANY) SUOIIPUOD pue SWiS | 83Ul 88S “[7202/TO/TT] uo ArlqiauljuQ 8|1 ‘@oueld aueiyood Aq S0/£0043€202/620T 0T/I0p/wod A3 1m Afeiqput|uosgndnBe//sdny wouy pepeojumoq ‘T ‘v202 ‘L. Zv8ZeT


https://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/tree-ring
https://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/tree-ring
https://tree-mortality.net
https://tree-mortality.net

A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Earth’s Future 10.1029/2023EF003705

periods when the differences are greater than zero, during which DE shows an increasing trend. The occurrence
of a press drought is resulted from either an escalation in the magnitude and duration of pulse droughts or an
elevation in their frequency. Consequently, in the definition of press drought, we take into account both the time
lag effect of individual pulse droughts and the cumulative time lag effect caused by repeated pulse droughts. To
quantify the effects of press droughts, we calculated the maximum magnitude of enhanced DE as Equation 2:

ADE = DE, — DE
r}gg( : ») 2)

where ¢ and d are the start and end of each press drought, respectively. DE, and DE_ are the preceding and subse-
quent 10-year DE means.

2.2.3. Drought-Induced Mortality Risk

We used satellite measurements of vegetation greenness and water content and a growth change index derived
from tree ring records to measure canopy dieback or disturbance, which were treated as a proxy for historical
forest mortality.

For pulse droughts, given that satellite-based forest canopy mortality has been mapped at a spatial grain of 0.5° in
Europe (Senf et al., 2020), we identified forest mortality, at the same spatial resolution, as periods with extreme
reductions in both canopy greenness (NDVI) (Pinzon & Tucker, 2014) and water content (VOD) (Moesinger
et al., 2019) following pulse droughts (Figure 1b). Extreme reduction here is defined as NDVI and VOD decreas-
ing below a certain percentile of the 1988-2015 distribution of each grid cell. In different climatic zones, we
calibrated the percentiles of reduction of these indices using known mortality events (Hammond et al., 2022). The
percentile that captures 70% of tree mortality events is regarded as the threshold in the corresponding climatic
zone (Figure S1 and Table S1 in Supporting Information S1). Before identifying extreme reductions, we applied
singular spectrum analysis to exclude the seasonal components of the NDVI and VOD time series. Considering the
widespread greening trends of vegetation (Chen et al., 2019; Keenan & Riley, 2018; Zhu et al., 2016), we further
detrended the NDVI time series by linear regression. The growing season here was roughly defined as April to
October for the extratropical Northern Hemisphere (23°-90°N), previous-year October to current-year April
for the extratropical Southern Hemisphere (23°-90°S), and the whole year for the tropical region (23°S-23°N)
(Jiang et al., 2019). From 1988 to 2015, a period that both growing-season NDVI and growing-season VOD
concurrently decreased during a pulse drought, and lasted for longer than six weeks was eventually recognized
as a forest mortality event. To avoid a possible replicated calculation between the drought-induced mortality risk
index (DMR) of pulse and press droughts, we considered only the canopy dieback that occurred during a pulse
drought, without considering the lagged effects of droughts. The DMR of pulse droughts was estimated as the
probability of satellite NDVI and VOD falling below thresholds during growing season droughts.

In the long run (e.g., 10-20 years), forest mortality is usually associated with a drought-induced growth decline
of surviving individual trees (Williams et al., 2013) and their subsequent growth recovery because of reduced
tree-to-tree competition (Splechtna et al., 2005; Wu et al., 2014). Therefore, we assumed that forest mortality in
press drought coincides with growth decline and subsequent growth release, which can be identified based on the
deficits and overshoots in radial growth changes. The DMR of press droughts was estimated as the probability of
tree ring-derived deficits and subsequent overshoots coinciding with press droughts. Radial growth change was
calculated using Equation 3 (Nowacki & Abrams, 1997):

My — M,
M,

%GC = X 100 3)

where %GC represents the percent growth change between the preceding and subsequent 10-year means and
M, and M, are the preceding and subsequent 10-year ring-width means, respectively. We tested the effect of
different moving windows on the relationship between radial growth change and drought indices. The correlation
relationship between radial growth change and climate decreased from 0.18 to 0.07 with increasing length of
the moving window (Figure S2 in Supporting Information S1), indicating that a longer temporal window could
average out the short-term growth responses due to favorable climatic conditions (Jiang et al., 2019) and thus
made the growth change index better capture the growth increases commonly associated with canopy disturbance
(Nowacki & Abrams, 1997). In the end, we used the 10-year span for the mean of ring-widths, which is widely
used to identify canopy disturbance (Nowacki & Abrams, 1997; Splechtna et al., 2005; Wu et al., 2014). A master
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growth-change series for each site was built by averaging the %GC for all trees in each site. A site-averaged
%GC < 0 was identified as growth decline, and a %GC > 0 was identified as growth release after canopy dieback
or the death of affected trees. An overshoot in %GC was assumed to occur within 10 years after a press drought,
which is the maximum time lag between a press drought and growth release at the global scale (Figure S3 in
Supporting Information S1). In addition, an overshoot in %GC without a previous water deficit was recognized
as a growth release possibly caused by logging, fire or very favorable climate (e.g., wet conditions) and was
excluded from subsequent calculations.

The DMR was defined as the probability of mortality events, given the occurrence of pulse and/or press droughts
in each grid cell and for each location with available tree-ring data as Equation 4:
Dy,
DMR = — X
o X @

t

where D, is the number of pulse/press droughts coinciding with forest mortality and D, is the total number of
historical pulse/press droughts in each grid cell or tree ring site. To avoid overestimation due to the number of
historical droughts being the denominator, we multiplied the fraction by a weight w, which was calculated as the
quotient between the number of historical droughts in each grid cell or site and the average number of historical
droughts in each climatic zone. Note that the spatial resolution of our mortality detection using satellite data does
not allow for the identification of climate change-induced diffuse forest mortality, that is, the death of few indi-
vidual trees dispersed within an otherwise intact forest cover (Hartmann et al., 2018). Therefore, DMR here indi-
cates forest mortality risk at regional scale, contrasting from the binary response (dead or alive) of tree mortality
at the individual level (Martinez-Vilalta et al., 2019).

2.2.4. DMR Estimates

Based on the relationship between DMR and DE/ADE for pulse and press droughts, DMR can be predicted using
Equation 5:

ar - ePE 4 g4, pulse drought
DMR = o)

by - e7?2'APE 4 by press drought

where DMR is the overall drought-induced mortality risk, DE is the DE during pulse droughts, and ADE is the
maximum magnitude of enhanced DE during press droughts (all coefficients are shown in Tables S2 in Support-
ing Information S1). For different climatic zones, we used different coefficients to estimate DMR. Considering
that the compounded stress from both extreme droughts and long-term dry trends have been observed to exacer-
bate tree mortality (Barbeta et al., 2015; Matusick et al., 2018), forest mortality risk is calculated as the sum of
pulse and press drought if they occurred synchronously.

2.2.5. Estimation Accuracy

The DMR values in 1,303 mortality locations were extracted and compared with global DMR over the same
period (1988-2010). A total of 91.4% of tree mortality events were captured by the DMR index (DMR > 0),
suggesting a high accuracy of DMR estimates. Considering the potential false positives, however, a reliable
threshold is needed to identify forest mortality. Since a record of all true mortality events at the global scale is
absent, we examined the false positive rate in 1,303 locations of tree mortality records (Hammond et al., 2022).
We plotted the receiver operating characteristic (ROC) curve for DMR in 1,303 locations from 1980 to 2010 and
calculated the areas under the ROC curve (AUC). The optimal threshold was identified according to Equation 6
(Unal, 2017):

min{|TPR — AUC| + |1 — FPR — AUC|} ()

where TPR is the true positive rate and FPR is the false positive rate. AUC across mortality locations is 0.80,
which is considered acceptable (Mandrekar, 2010). A threshold that minimizes this function and the difference
between true and false positive rates will be labeled a high mortality risk threshold that best differentiates with
and without elevated forest mortality.
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Figure 2. Relationship between drought-induced mortality risk (drought-induced mortality risk index (DMR)) and drought
exposure (DE). (a) Response of DMR to DE during pulse droughts. (b) Changes in drought intensity (red bars) and duration
(blue bars) with DE. (c) Response of DMR to enhanced DE (ADE) during press droughts. (d) Changes in temperature
(ATemp., red bars) and precipitation (APrep., blue bars) with enhanced DE (ADE). Two drought indices were used to
estimate DE and ADE in this figure: Palmer Drought Severity Index and soil moisture from Global Land Evaporation
Amsterdam Model (SM).

3. Results

The DMR of pulse droughts (derived from PDSI and SPEI) increases from 0 to 0.28 with synchronous increases
of both drought intensity and duration (adjusted R? between DMR and DE is 0.61, Figure 2a and Figure S4a in
Supporting Information S1). However, DMR saturates with increases in drought duration (droughts lasting over
8 months), as long as drought intensity remains the same (Figure 2b). However, DMR has an insignificant rela-
tionship with the exposure of pulse droughts (derived from soil moisture), indicating that rising CO, may alleviate
the effects of pulse droughts on mortality risk (Figure 2a and Figure S4c in Supporting Information S1).

During press droughts, an increase in ADE enhanced DMR from 0.27 to 0.57 (PDSI-derived press droughts) and
from 0.59 to 0.85 (soil moisture-derived press droughts, Figure 2c). We further tested the relationship between
DMR and changes in temperature and precipitation, as press droughts can be driven by long-term reductions
in precipitation and/or increased evapotranspiration due to temperature rising. DMR is significantly correlated
with changes of temperature during press droughts (R = 0.49, P < 0.05), but not with changes in precipitation
(R =-0.36, P = 0.12, Figure 2d), suggesting the crucial role of hotter droughts on increases of forest mortality
risk. Interestingly, we observed increases in DMR with press droughts derived from both PDSI and GLEAM-soil
moisture (Figure 2c). Furthermore, DMR responded more strongly to long-term DE derived from soil moisture,
suggesting that rising CO, fails to reduce mortality risk on a long-term scale and may even increase it in turn.
Stronger response of DMR was also observed to press droughts derived from GLDAS-soil moisture, compared to
that derived from SPEI (Figures S4b and S4d in Supporting Information S1).

Taking into account the uneven sampling in ITRDB data and the preference for specific tree species depending
on the sampling objectives may lead to a potential for bias in the results, we conducted a more focused analysis
by segregating the tree-ring data into two categories: gymnosperms and angiosperms. Reassuringly, our analysis
did not reveal any significant differences in the response of DMR to DE between gymnosperms and angiosperms
(Figures S5a—S5b in Supporting Information S1). Furthermore, we isolated individual genus that had available
data from more than 50 sites for separate analysis. A notable increase in DMR with increasing DE was observed
within each of the analyzed genus (Figures S5c—S5h in Supporting Information S1).

Responses of DMR to both pulse and press droughts are robust when applied in different climatic zones
(0.33 < adjusted R? < 0.91, Figures S6 and S7 in Supporting Information S1). Based on the relationship between
DMR and DE/ADE for pulse and press droughts, we calculated the total DMR due to both pulse and press
droughts in the past 100 years and compared our historical DMR estimates with 1,303 published ground-based
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Figure 3. Estimation of drought-induced mortality risk (drought-induced mortality risk index (DMR)) and exclusion of CO,
fertilization effect. (a) Annual changes in DMR at the global scale (blue lines) and across 1,303 locations of tree mortality
events (red lines) during 1915-2010. (b) Probability density function of the global DMR from 1988 to 2010 (blue line) and

in locations of tree mortality events (red line). The vertical dashed line indicates the optimal threshold for identifying tree
mortality (0.42). (c) Relationship between detrended CO, concentration [CO,] in air and detrended DMR across global forests
(blue points) and locations with tree mortality records (red points).

observations of tree mortality. From 1915 to 2010, the global estimated DMR varied with a maximum value of
0.37 at different periods (Figure 3a). However, DMR across mortality locations has significantly increased since
1980 (Mann-Kendall test, p < 0.05, Figure 3a) and greatly exceeded global DMR over the same period (median
value: 0.50 vs. 0.23). In total, 91.4% of the tree mortality events had DMR over zero during the mortality year
(Figure 3b). But considering potential false positives due to the loose threshold, we plotted ROC curve for DMR
in these mortality locations from 1980 to 2010. The DMR on the optimal threshold of ROC is 0.42, correspond-
ing to a false positive rate of 0.33 and a true positive rate of 0.80 (Figure S8 in Supporting Information S1).
We identified DMR = 0.42 as a threshold that could best differentiate between sites with and without elevated
forest mortality. DMR across mortality locations exceeded the threshold of 0.42 since 1996. From 1980 to 2010,
changes in atmospheric CO, concentration were insignificantly but negatively related to DMR across mortality
locations (Figure 3c¢), indicating a slight alleviating effect of increasing CO, concentration on the total mortality
risk but not actually preventing the increase of tree mortality.

The DMR estimates allow drawing geographic patterns of potential global forest loss due to enhanced drought
stress. DMR across global forested areas was relatively low before the industrial (1930-1960), with DMR in only
1.9% of the areas exceeding the threshold of 0.42 (Figure 4a). However, this fraction increased to 7.4% during
1980-2010 (Figure 4b), indicating that approximately 0.28 billion hectares of forested areas were threatened by
droughts, especially the long-term stress of press droughts. Although areas with high mortality risk were sparsely
distributed globally, for example, in Mediterranean areas, south Africa and far east Siberia, it did be much more
than observed records.

4. Discussion

We observed increasing mortality risk with exposure to both pulse and press droughts, which allows for quantify-
ing lethal drought stress on global forests and identifying the hotspots of forest mortality. Hydraulic failure could
explain the increased risk of forest mortality during pulse droughts. Because of hydraulic dysfunction, trees may
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Figure 4. Patterns of estimated drought-induced mortality risk index (DMR) in global forests. 30-year average of DMR
during (a) 1930-1960, (b) 1980-2010. Red triangles in panel (a) indicates documented tree mortality sites in the literature.

experience 3—6 months of cessation of stem sap flow, pass lethal thresholds in hydraulic failure and eventually die
(Hammond et al., 2019; Preisler et al., 2021). But during an extended pulse drought, for example, droughts lasting
over 8 months in our study, more drought-tolerant tree species or individuals could survive through structural and
functional acclimation to drought, for example, leaf shedding, xylem regrowth (Gauthey et al., 2022) or shifts to a
more conservative water-use strategy (Cinnirella et al., 2002), thus preventing further increases of mortality risk.
Including plant responses to CO, reduced the mortality risk of pulse droughts, because the high concentration
of CO, allows plants to reduce stomatal conductance without negative feedback on photosynthetic rates during
non-drought periods, which increases the water use efficiency of plants and reduces the risk of carbon starvation
(Ainsworth & Rogers, 2007).

Different from hydraulic failure in pulse droughts, while not leading to rapid mortality of trees, press droughts
could gradually hamper tree physiological processes and cause slow changes in forests, for example, by weak-
ening the recovering ability of trees through lowering carbon uptake and transport (Berdanier & Clark, 2016;
McDowell et al., 2008) or by changing background mortality rates of forests over decades due to increased physi-
ological stress and vulnerability against biotic stressors (Van Mantgem et al., 2009). In our framework, including
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CO, effects leads to relatively higher mortality risk in press droughts, indicating a negligible and even potentially
negative effect of CO, concentration on mortality risk. Enhanced water use efficiency by rising CO, can stim-
ulate growth but may also lead to structural overshoot (Jump et al., 2017), with greater stand-level competition
for resources such as nutrients and water (Zhang et al., 2021), which may predispose trees to greater mortality
under subsequent pulse drought (Hartmann et al., 2022; McDowell et al., 2018). At present, precise quantifica-
tion of the CO, effects on soil moisture over past decades remains elusive. Nevertheless, employing the GLEAM
and GLDAS products, which closely approximate actual soil moisture values, stands out as the most efficient
method for investigating CO, effects within empirical studies of forest mortality risk. This is because any poten-
tial reduction in transpiration caused by the rising CO, levels (if it indeed exists) may already be encompassed
in the dynamic changes of soil moisture. Recent studies involving modeled CO, x drought experiments further
corroborate our findings, demonstrating that in conditions of prolonged water stress, the capacity of increased
plant water-use efficiency to alleviate drought stress was negligible (De Kauwe et al., 2021, 2022).

Our results suggested that the sustainability of global forests is challenged by increasing drought stress, although
restoring forested biomes is needed to partially offset anthropogenic CO, emissions. In the past 30 years, both
restoration and afforestation led to increased global forest cover that counterbalanced some of the regional forest
loss due to drought-induced tree mortality (Song et al., 2018). However, drought threats to forests were observed
to increase across 0.28 billion hectares of forested areas since the 1980s, especially the compounded exposure of
both pulse and press droughts. Existing and potential new forests might be more susceptible to drought-induced
mortality (Hartmann et al., 2022), as global terrestrial environments are projected toward a substantial drying
trend at the end of this century (Naumann et al., 2018; Scheff & Frierson, 2015; Trenberth et al., 2014). Despite
CO, fertilization can alleviate short-term drought stress (Swann et al., 2016; Yang et al., 2019) and efficiently
reduce forest mortality risk in high warming scenarios (Liu et al., 2017), our results suggested the capacity of
rising CO, to ameliorate long-term drought stress and reduce mortality risk is limited, as press drought is increas-
ing due to anthropogenic warming (Chiang et al., 2021), for example, the ongoing North American megadrought
(Williams et al., 2020) and the associated increase of forest mortality (Hember et al., 2017; McNellis et al., 2021;
Van Mantgem et al., 2009).

Drought exposure and ecological risk assessments under climate change are the basis for effective manage-
ment of climate risks (Field et al., 2012). Our empirical estimations indicate a high risk of forest cover loss
and corroborate modeling approaches that also estimate carbon loss in forest ecosystems due to climate change
(Scholze et al., 2006; Sitch et al., 2008). Ensuing losses may be substantial as background mortality rates increase
(Hartmann et al., 2018), and as unprecedented hotter-drought extreme events increase non-linearly (Alizadeh
et al., 2020). Note that this approach in our study may underestimate the true risk as satellite measurements may
not always capture all events reliably, even strong mortality events (Hartmann et al., 2022).

5. Conclusions

We observed that forest mortality risk increases with DE, and rising CO, can only alleviate drought stress at a
short-term scale. In the past few decades, forested areas far more than we have observed have been fatally threat-
ened by drought. Our study provides an empirical framework for a better prediction of tree mortality. We there-
fore suggest data assimilation from different proxies of tree mortality, including satellite measurements, tree-ring
records, long-term forest inventories and so on, to improve the monitoring of forest mortality globally, and also
pay more attention to forest mortality driven by press droughts.
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