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1 | INTRODUCTION

| Philippe Ciais®

| Nicolas Viovy!® | Emilie Joetzjer?® |

Abstract

During the last two decades, inventory data show that droughts have reduced biomass
carbon sink of the Amazon forest by causing mortality to exceed growth. However,
process-based models have struggled to include drought-induced responses of growth
and mortality and have not been evaluated against plot data. A process-based model,
ORCHIDEE-CAN-NHA, including forest demography with tree cohorts, plant hy-
draulic architecture and drought-induced tree mortality, was applied over Amazonia
rainforests forced by gridded climate fields and rising CO, from 1901 to 2019. The
model reproduced the decelerating signal of net carbon sink and drought sensitivity
of aboveground biomass (AGB) growth and mortality observed at forest plots across
selected Amazon intact forests for 2005 and 2010. We predicted a larger mortality
rate and a more negative sensitivity of the net carbon sink during the 2015/16 El Nifio
compared with the former droughts. 2015/16 was indeed the most severe drought
since 1901 regarding both AGB loss and area experiencing a severe carbon loss. We
found that even if climate change did increase mortality, elevated CO,, contributed to
balance the biomass mortality, since CO,-induced stomatal closure reduces transpira-

tion, thus, offsets increased transpiration from CO,-induced higher foliage area.

KEYWORDS
Amazon rainforest, drought sensitivity, net forest carbon sink, process-based model, tree
mortality

forest are regulated by climate variability. In particular, repeated ex-

The Amazonian rainforest accounts for 40% of the tropical forest
biome area and contains half of its carbon. Changes in the Amazon
forest dynamics impact the global water and carbon cycles and exert
key feedback on climate change (Jimenez & Takahashi, 2019), leav-
ing open the possibility of crossing ‘tipping points’ in the form of
regional forest dieback (Ritchie et al., 2021). Both short-term vari-

ability and long-term trends in the carbon fluxes and stocks of the

treme drought events have the potential to undermine the stability
of large parts of the Amazon forest (Zemp et al., 2017). Over the
last century, major drought events occurred in Amazonia, generally
associated with positive sea surface temperature anomalies in the
tropical Atlantic (1916, 1963, 2005, 2010) and with strong El Nifio
events (1926, 1982/83, 1997/98, 2015/16). El Nifio events tend to
bring drought in the wet season, whereas Atlantic anomalies exacer-
bate drought in the dry season (Jimenez et al., 2018).
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While the long-term view is crucial to understand the current
dynamics of Amazonia, much of our knowledge about the response
of Amazonian forests to drought is based on limited field data from
the last decades: a slow-down of forest carbon gains from growth
and a coincident increase of losses from tree mortality have been
observed from successive forest plot inventories, leading to a grad-
ual decline in the strength of the biomass carbon sink (Brienen
etal., 2015).

Research focusing on past drought events used different meth-
ods, including ground-based observations of carbon fluxes at
few sites (Doughty et al., 2015), biomass inventories (Feldpausch
et al, 2016; Phillips et al., 2009), drought experiments (Fisher
et al., 2007), remote-sensing (Yang et al., 2018), and process-based
models (Papastefanou et al., 2021). Analyses from the RAINFOR
network of forest plots provided net biomass change at selected lo-
cations during the 2005 and 2010 droughts (Feldpausch et al., 2016;
Hubau et al., 2020), and spatial patterns in variation of mortality rates
(Esquivel-Muelbert et al., 2020) and biomass loss (Papastefanou
et al., 2022).

Ground-based observations and satellite products only cover cli-
matic anomalies for two decades, a short timescale compared with
the natural dynamics of forests. A centennial perspective is needed,
as repeated droughts affect decadal-scale carbon processes through
legacy effects and slow recovery of forests after disturbances (Lewis
et al., 2011). Given the lack of observations, process-based models
are useful to explore the effects of drought on the Amazon carbon
balance.

Although predicting the risk of mortality from hydraulic fail-
ure is challenging given species-specific responses (Rowland
et al., 2021), several process-based models have made progress in
representing a mechanistic hydraulic architecture simulating the
water transport through trees, from the soil to the atmosphere
(Kennedy et al., 2019; Li et al., 2021). Leaf-level carbon-water
trade-offs, reflecting plant stomatal strategies, are at the foun-
dation of most hydraulic modules, and they are used in models
as a target to be optimized, for example, the product of produc-
tivity and water cost (Eller et al., 2020) or the direct and oppor-
tunity carbon cost of xylem damage (Lu et al., 2020). Although
these studies partly captured changes of plant hydrodynamics,
they did not consider the water capacitance of trees (Kennedy
et al., 2019) or did not model changes in the vertical profile of
water potential from soil to leaves, rather focusing on stomatal
behavior (Eller et al., 2020). A hydraulic architecture model de-
scribing explicit water transport process is required to better
mimic plant water dynamics in reality. Yao et al. (2022) simulated
half-hourly water potentials at leaf, stem, root and soil levels by
minimizing the difference between water demand and supply for
each plant organ in the ORCHIDEE-CAN-NHA model, a branch
of the ORCHIDEE land surface model (version r7236). In addition
to representing changes in water flows and storage on a 30 min
time-step in soils and plants, this model includes an empirical pa-

rameterization of mortality from hydraulic failure. Namely, when

stem water conductance drops below a critical threshold during a
certain number of days, a mortality risk function is calculated and
trees of each cohort die if this function exceeds a threshold. The
advantage of ORCHIDEE-CAN lies in its explicit representation
of different tree-size cohorts, which allows us to link realization
of simulation of hydrodynamics to forest demography. The model
was calibrated against field observations from the Caxiuana
throughfall exclusion (TFE) experiment (Fisher et al., 2007) and
tested on another TFE experiment site at Tapajos. Yet, it has not
been used to assess the carbon impacts of regional drought. Here,
we address this challenge by applying this model over rainforest
in the Amazon basin during the last century.

Besides climate change, an important consideration for model-
ling the carbon balance of the Amazon over a century is that CO,
concentration has increased by more than 120 ppm during this pe-
riod. There is consensus on the stimulation effects on growth under
elevated CO,, although no field CO, enrichment experiment (FACE)
is available for Amazonia. A simulated elevated CO, forcing pre-
dicted an increase in aboveground biomass for an ensemble of mod-
els but limited by phosphorus availability (Fleischer et al., 2019).
Increased CO, concentration also affects carbon allocation, and
self-thinning (Holm et al., 2020), and reduces stomatal conductance,
resulting in less transpiration per unit of leaf area, although in-
creased leaf area may act to counteract this effect (Cox et al., 2004;
Piao et al., 2007). Yet, the effect of elevated CO, on stand com-
petition and biomass loss processes is uncertain, especially with a
higher drought frequency. Site-level spatial statistical analysis with
CO, concentration and climatic factors by Hubau et al. (2020) sug-
gested significant positive relationships of carbon gains with CO,
concentration, but not of carbon loss. Process-based models can,
thus, be used to tests to separate the effects of climate change and
CO,, and their interactions. de Almeida Castanho et al. (2016) con-
ducted simulations to reproduce the individual and combined ef-
fects of climate change and elevated CO,, but their model included
a simple mortality module and was unable to capture the biomass
loss from climate extremes.

In this study, we use a new process-based model with a de-
tailed mechanistic hydraulic architecture and mortality arising
from hydraulic failure, ORCHIDEE-CAN-NHA (r7236), to under-
stand the sensitivity of biomass growth and mortality to drought
events of the last century in the Amazon, and to elucidate the con-
tribution of climate change and elevated CO,. Our objectives are
as follows: (1) to test the performance of the model for simulating
the long-term trend of net carbon sink and its component gains
and losses, (2) to compare simulated patterns of drought-induced
changes of growth and mortality against forest plots observa-
tions, (3) to compare aboveground biomass (AGB) losses between
different drought events, (4) to assess if the recent extreme
drought events of the last 20years had higher impacts on AGB
than during previous droughts of the early part of the century; (5)
to understand the interactions between rising CO, and droughts

on AGB dynamics.
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2 | MATERIALS AND METHODS

2.1 | Theland surface model
ORCHIDEE-CAN-NHA

In this study, we use the ORCHIDEE-CAN-NHA (r7236) land sur-
face model, incorporating allometric-based carbon allocation, trees
cohorts making the canopy structure with different growth of an
average tree in each cohort and background mortality induced by
self-thinning processes (Naudts et al., 2015) as well as a new mecha-
nistic hydraulic architecture (Yao et al., 2022). The hydraulic mod-
ule includes the dynamic root water uptake scheme proposed by
Joetzjer et al. (2022) and a plant hydraulic model simulating water
transport from water potentials gradient between soils and atmos-
phere, and water capacitance in roots, stems, and leaves. Besides
this hydraulic architecture, a cavitation-induced mortality model
was added. Two parameters are used to translate the percentage
loss of stem conductance (PLC) simulated by the hydraulic module
to mortality. A cumulated drought exposure index when PLC stays
above a critical threshold defines a mortality risk. Under this risk, a
fraction of trees is killed each day in the different cohorts of tree
size. The new hydraulic architecture and mortality schemes were
calibrated against the world's longest running drought experiments
at Caxiuana (Rowland et al., 2015), with overall good performances.

2.2 | Simulation framework
2.21 | Climate forcing

The gridded climate forcing used as input to ORCHIDEE-CAN-
NHA is the CRUJRA v2.1 dataset (Harris, 2020; Harris et al., 2014;
2020; Kobayashi et al., 2015). CRUJRA v2.1 was constructed by re-
gridding data from the Japanese Reanalysis Data (JRA) produced
by the Japanese Meteorological Agency (JMA) adjusted to match
the monthly observation-based Climatic Research Unit (CRU) TS
4.04 data (Harris et al., 2020). It provides 6-hourly meteorological
variables from January 1901 to December 2019 at 0.5x0.5° spatial

resolution.

2.2.2 | Simulation protocol

To balance the spatial resolution of our regional simulations with
computing resources, the simulations were carried out at 1 x 1° hori-
zontal spatial resolution over 1901-2019 (study region see Figure 1).
We used a two-step spin-up to bring carbon and water pools in
steady-state equilibrium. In the first step, the model is forced by re-
cycling the climate forcing during 1901-1920 with a constant CO,
concentration of 296ppm and no climate-induced mortality acti-
vated. Then after the end of the first spin-up, we re-ran the model
still recycling the climate forcing of 1901-1920 but activating the
mortality scheme. At the end of the second stage of spin-up, the

oo, MOEMIE
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FIGURE 1 Overview of the Amazon basin, which is split into
four regions, Guiana Shield, East-Central Amazon, Western
Amazon, and Brazilian Shield, shown by different colors, defined
after Feldpausch et al. (2011). The black line is the border of the
Amazon basin from Papastefanou et al. (2022). Only pixels with
tree cover more than 80% are shown. Map lines delineate study
areas and do not necessarily depict accepted national boundaries.

model reaches a new equilibrium state, with a lower biomass due to
droughts that occur periodically during 1901-1920, with less than
1% variation by the end of second spin-up. This equilibrium state
serves as the starting point for three transient simulations during the
historical period. To test the impact of the different drivers of CO,,
and climate we designed a series of factorial experiment S1, S2, S3,
as described in Table 1.

2.3 | Drought characteristics

The maximum climatological water deficit (MCWD) is the most neg-
ative value of the difference between monthly precipitation and a
fixed value for evapotranspiration of ~100 mm among all the months
(Equations 1 and 2). MCWD anomaly is derived after subtracting the
mean MCWD over a baseline period. By locating the month with the
most negative precipitation anomaly and its corresponding rainfall
climatology interval, we distinguish between wet-season and dry-
season drought by using a new drought timing index (DTI). A second
index for the rain seasonality is defined as the deviation of monthly
rainfall distribution from a uniform monthly distribution (Feng
et al., 2013). Detailed description of these indices can be found in
Sl Notes S1.

CWD,,=CWD,,_,+P,,—-100if P, <100, else CWD,, =0
with m being the month1, ... 12 (1=0October)

(1)

MCWD:min(CWDm),mzl, .12 (2)

2.4 | How aboveground biomass dynamics
was analyzed

From model outputs, net AGB change (AAGB), AGB gain and loss are
calculated over the hydrological year from October in previous year
to September in the next year. AGB gain is the carbon allocated to
growth in aboveground sapwood in cohorts with DBH higher than
10 cm, each year. AGB loss is the biomass mortality of aboveground
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TABLE 1 Description of simulations

Climate Mortality Restart . .
forcing Atmospheric CO, module point performed in this study
Spin-up stage 1 1901-1920 Constant (296 ppm) Deactivate /
Spin-up stage 2 1901-1920 Constant (296 ppm) Activate Stagel
S1 1901-1920 Increasing Activate Stage2
S2 1901-2019 Increasing Activate Stage2
S3 1901-2019 Constant (296 ppm) Activate Stage2

Note: In the S1 scenario, the model is forced by recycling the climate forcing data between 1901
and 1920 and the CO, concentration increases following the reality. In the S2 scenario, both
climate forcing and CO, concentration vary. In the S3 scenario, the CO, concentration input to

model is set constant as 296 ppm but climate forcing data varies.

sapwood and heartwood in cohorts with DBH higher than 10 cm,
each year. AAGB is the difference between AGB gain and AGB loss.
The anomaly during a drought year k is derived by subtracting the
average value (u) over a multi-year baseline period by Equations (3)
to (5).

AAGBanomaIy = AAGBk — MAAGB (3)
AGBgain,nomaly = AGBgainy, — pagpgain (4)
AGBI0sS,,omaly = AGBIOSS, — faGRIoss (5)

Biomass mortality from self-thinning and droughts are in-
cluded. In our study, the mortality rate equals the number of dead
trees per year divided by the number of trees alive in the begin-
ning of 1lyear.

3 | RESULTS

3.1 | Long-term trend of the biomass carbon sink,
model versus inventories

In our simulation S2 with variable CO, and climate, we found a
mean positive value of AAGB equal to 0.22 MgC ha™ year™* over
1980-2019, indicating that the Amazon intact forests accumu-
late carbon over time. Nevertheless, this increase of AAGB has a
negative trend of 0.006 Mg C ha™ year™? (Figure 2). This slowing
down of the biomass carbon sink occurs because carbon losses
from mortality increase faster than gains from growth and re-
cruitment. Our finding of a decreasing biomass sink is consistent
with inventory data analyzed by Hubau et al. (2020) and Brienen
et al. (2015). Yet the magnitudes of the simulated growth trend
and loss trend are both smaller than in the observations. We simu-
lated an increasing trend of carbon gains of 0.008 Mg Cha™* year™
against 0.014Mg Cha™! year™ for carbon losses across the entire
basin. In comparison, Hubau et al. (2020) from 321 plots found an
increasing trend of gain of 0.014 Mg C ha™t yr‘2 and a trend of loss of
0.023Mg Cha™ year’2. This difference can be attributed to limited
coverage of inventory sample plots and model limitations, such as

(a) Net carbon sink
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FIGURE 2 Long-term carbon dynamics of rainforest over the
Amazon basin. (a-c) Trends in net aboveground biomass carbon sink (a),
carbon gains from tree growth (b), and carbon losses from tree mortality
including both self-thinning and drought-induced tree mortality (c).

The continuous lines indicate the modelled forest carbon dynamics in
Amazonia and the shading area corresponds to the 95% confidence
interval. Slopes and P values are from linear regression models.

non-modeled biotic disturbances. Yet, it is encouraging to see that
the essential signal of a decelerating biomass sink from increased
mortality is captured by our simulations.
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3.2 | Biomass growth and mortality for the recent
droughts, and sensitivities to water deficits

3.2.1 | Mean biomass gains and losses
during normal years

During the 2000s, excluding the 2005 and 2010 droughts to
focus on non-drought periods, forests gained AGB, at a rate of
+0.44MgCha™® vyear (95% confidence interval 0.39-0.50Mg
Cha™! year'®), that is, they acted as a carbon sink in biomass. The
total carbon sink was 0.22Pg Cyear™? over our intact forest area
of 500 Mha. There were significant differences among the four
regions (tested from the Tukey HSD post-hoc test; Figure S1).
We found a higher net AGB sink density in the Western Amazon
(+0.69 Mg Cha™ year™), followed by the Guiana Shield (+0.41 Mg
C ha? year™). The gross gain in AGB, due to growth alone, was
3.6 Mg Chat year™?, with the highest gross gain in the Guiana Shield
(+4.2 Mg C ha™! year™). The gross loss in AGB was also highest in
the Guiana Shield, and lowest in the Western Amazon. A ‘high-gain,

(b) Carbon gains

I iy

high-loss’ pattern, thus a larger turnover, was modelled in the Guiana

Shield region.

3.2.2 | The 2005 drought

This event has its severity epicenter located in the Western Amazon,
as seen from Z-transformed MCWD (Figure 3). In this epicenter, we
simulated a larger net AGB loss (-0.6 Mg C ha™ year‘l) than for the rest
of the Amazon. The net annual loss from October 2004 to September
2005 was driven by a decline in growth and an increase in mortality
(Figure 3), consistent with forest plots evidence shown by Phillips
et al. (2009). The most severe water deficit matched the largest loss
of AGB in our simulations. In the Western Amazon, we found a 2.0
Mg C ha™* (95% Cl: 1.5-2.5) net loss of AGB relative to non-drought
condition (Table S1). This net loss is composed by a modest decrease
of growth gain of 0.2 Mg C ha™ (95% Cl: 0.1-0.3) and a large increase
of mortality loss of 1.8 Mg Cha™ (95% Cl: 1.2-2.3). These figures are
comparable with plot data analysis by Phillips et al. (their fig. 2).

(c) Carbon loss
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FIGURE 3 AGB versus drought severity in (a-c) 2005, (d-f) 2010, and (g-i) 2016. Severity is defined from MCWD, with higher positive
values denoting more acute water stress. The color of the points corresponds to four regions, red: Guiana Shield, green: East-Central
Amazon, brown: Western Amazon, and blue: Brazilian Shield. The first column (a, d, g) gives the net AGB sink anomaly with MCWD. The
second one (b, e, h) the AGB growth gain anomaly. The third one (c, f, i) the AGB loss (mortality) anomaly. Map lines delineate study areas

and do not necessarily depict accepted national boundaries.
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3.2.3 | The 2010 drought

This event was most severe in the north of the Brazilian Shield.
According to our climate forcing data (CRUJRA), the drought sever-
ity, however, was lower and the affected area was smaller than for
the 2005 drought, as shown by the magnitude of MCWD anom-
aly, which spans over -100 to 150mm (Figure 3). The drought se-
verity and impacted area in 2010 are a bit different than in Lewis
et al. (2011), due to different rainfall forcing data (TRMM satellite
rainfall data in Lewis et al., 2011 vs. CRUJRA in our study). The
drought sensitivity of the AGB net change to MCWD was lower in
2010 than in 2005 (0.83 vs. 1.64MgCha™ per 100mm MCWD) over
whole basin but comparable in their epicenters (Table S1). Yet, like
for the 2005 event, the effect of the drought on net AGB change
was dominated by higher AGB loss and a relatively modest reduction
of AGB gain.

3.2.4 | The 2015/16 El Nifio drought

This event is mainly centered in northeastern Amazonia (Guiana
Shield). The simulated response of AGB is shown in Figure 3g-i. The
magnitude of the MCWD anomaly shows that this drought was more
severe than the two previous events. Therefore, we found a higher
AAGB sensitivity (Figure 3g-i, Figure $2) of -2.63MgCha™* per
100mm MCWD than in the former two droughts. Furthermore, the
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AGB gain sensitivity was of -0.57MgC ha™ per 100mm MCWD, in
smaller magnitude than the sensitivity of AGB loss of 2.06MgCha™
per 100mm MCWHD. In addition, for a 100 mm increase in MCWD,
we simulated in 2015/16 an increase of 12days as ‘mortality risk’,
and a 1.2% increase in the annual mortality rate compared with
the baseline period (Figure S3). In the northern Brazilian Shield epi-
center, we simulated a greater AGB loss and a higher stem mortality
rate even in pixels where MCWD anomaly remained below 100 mm.
This response likely reflects other stress factors causing an increase
of transpiration, followed by loss of conductance and mortality in
our model, especially high temperature and elevated vapor pressure
deficit (VPD).

3.3 | Drought severity and biomass loss for the
most severe drought events of the past century

After having shown that the simulated sensitivities of growth and
mortality to MCWD compared well with forest plots data (at least for
the 2005 event that was extensively measured across many plots),
we now turn to the analysis of AGB deficits during the most severe
droughts of the last century (1916, 1926, 1963, 1983, 1998, 2005,
2010, 2016). Figure 4 shows the spatial distribution of the drought
intensity, that is, the Z-score of MCWD anomalies (Section 2.3). The
epicenter of different droughts varied across events. The northwest

Amazon ‘ever-wet’ region was rarely affected. The northern Brazilian
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FIGURE 4 Spatial distribution of the drought intensity of the top most severe droughts since 1901, is assessed by Z-score values of
maximum climatological water deficit anomalies relative to their decadal baseline.
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Shield, also an ‘ever-wet’ region where the dry season even sees
a periodical increase of GPP (Green et al., 2020), was particularly
affected by the 2015/16 El Nifio drought. The southwest regions
were hit by the 1983 and 2005 droughts. The East and northeast
regions were affected by the 1916, 1983 and 2015/16 droughts. The
Southern Amazon was affected by the 1963 and 2010 droughts.

3.3.1 | The largest droughts of the century
compared for their area exposed to different drought
intensities and area of AGB loss

Figure 5 shows the number of 1° pixels for different severity classes
(Z-scored CWD). The 2015/16 drought is clearly ranked as the most
severe event on record, followed by 1983 and 2005. Both the area
under drought (negative Z-score), representing 63% of the evergreen
forestarea, and the area under extreme drought, show the largest val-
ues during the 2015/16 event. Mirroring mainly the spatial patterns
of water deficit, the net AGB dynamics from our simulation is shown
in Figure 6. Outside the epicenter of each drought, AAGB was small
and positive (Figure 6) indicating a continuous long-term carbon sink
(Figure 2). In the drought affected pixels, we found that the AGB
net losses always ranked with the severity of drought. For instance,
AAGB in 2010 was less negative than that during the more extreme
droughts of 2005 and 2016 (Figure 6). Among the top 8 drought
events of the last century, we found differences in the fraction of
area with negative AAGB at a given level (Figure 7, Figure S4). The
area showing negative AAGB values was the largest in the 2015/16
El Nifio, followed by the 1983 one. The area with the most negative
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AAGB per unit area (e.g., a loss more than 6 MgC ha™! year™!) was the
most extensive in 2016, followed by 1983 (Figure 6).

3.3.2 | Wet-season droughts caused larger AGB
loss than dry-season ones

We investigated the differences in AGB responses between wet-
season and dry-season droughts, distinguished by their DTl index (see
Section 2.3 and SI Notes S1). It should be noted that the ‘wet-season’
drought actually happened during the period that was normally the wet
season but encountered a severe water deficit, which can be regarded
as the extension of dry-season length or severity. From Figure 8, we
can see that the east-central Amazon region which has a low rainfall
seasonality, shows DTI>-0.2 in 1983 and 2016. In other words, these
two drought events appeared in the wetter quarter of the year, and
can be deemed as wet-season droughts. DTI values close to -1 in the
southwest Amazon in 2005, implies this event was a clear dry-season
drought. The epicenters of the 2010 drought are more diffuse and show
DTI values between -0.2 and 0.2, which makes this event a compos-
ite of dry and wet season drought. As the intensity of wet-season and
dry-season droughts differs, so does the corresponding AGB dynamics.
Figure 5 shows that the drought severity was higher in the wet-season
droughts of 2016 and 1983, and that the drought exposed area was
also higher during these two events. Figure 7 shows that the AGB loss
differs between wet- and dry-season droughts. Namely, the area under-
going large AGB loss is larger for wet-season droughts like 2016 than
for dry-season droughts like 2005 (Figure 7). Moreover, if we compute
the mean AAGB corresponding to different Z-score levels, we found
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FIGURE 5 Frequency distribution of different drought intensity classes (Z-score of monthly climatological water deficit (CWD)
corresponding to increasing severity). The thresholds of -1.645, -1.96, and -2.576 correspond to 90%, 95%, and 99% confidence intervals
of the distributions, respectively. The asterisks in the title of a panel indicate an El Nifio drought (wet-season drought). The # pixels on the
vertical axis means the number of 1° model pixels with CWD values in each interval.
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FIGURE 7 Regional extent of net AGB change during eight
drought events. The colors correspond to the different levels of net
AGB changes with the same color palette than in Figure 6. # pixels
means the number of 1° model pixels that underwent net biomass
carbon change in each interval.

that the mean AAGB is always the most negative during (El Nifio) wet-
season droughts, no matter which Z score level is considered (Table S2).

3.3.3 | The last 20years show the largest AGB loss
caused by droughts

We then compared drought effects on AGB on decadal-scale. To
do so, we calculated the cumulative AGB loss in successive 20-year

intervals since 1901 (Figure 9). Looking at the three extreme drought
events in the last 20-year, it is clear from our simulations results that
the cumulative AGB loss over this period was higher than during any
other previous 20-year interval since 1901 (Figure S5). The region
which had the higher level of AGB loss (>4 Mg Cha™ year™) during
the last 20years is the East-central Amazon, even though this region
was rarely affected by previous droughts.

3.4 | Interactions between drought and
elevated CO,

We make the reasonable hypothesis that (in the model) elevated CO,
induces stomatal closure and should, thus, partly alleviate the negative
effect of drought on AGB. To assess the extent to which the drought
effects can be alleviated, we separated the effects of climate change
alone vs. increased CO, concentration during the major droughts of
the last Century through factorial simulations (51-S3 see Section 2.2).
The results are shown in Figure 10. The simulation S2 driven by ob-
served historical climate (including the eight drought events studied
above) and atmospheric CO, increase, while S1 was driven by recycled
1901-1920 climate (no climate change), and S3 used historical climate
but maintained the CO, concentration constant at 296ppm (no CO,
increase). The comparison between S1 and S2 shows that historical
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FIGURE 8 Bivariate plots showing the spatial pattern of the rainfall seasonality index and drought timing index (DTI) in the Amazon for
the eight largest droughts since 1901. Negative values of DTI mean that drought with the most negative Z-score of rainfall anomaly happens
in the drier months of the year. Only pixels with a drought Z-score of MCWD below -1.645 are shown, which is at least a moderate drought
(see definition of drought intensities in Sl). The asterisks in the title of each panel indicates an El Nifio drought. Map lines delineate study
areas and do not necessarily depict accepted national boundaries.
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FIGURE 9 Comparison of cumulative AGB loss in 20-year intervals in different regions since 1901. # pixels means the number of pixels
underwent carbon loss in each interval. The last 20-year period is highlighted as the thick red line.

climate change since 1901, that is, mainly droughts, has suppressed The comparison between S2 and S3 allows us to isolate the ef-
plant growth and increased mortality losses. The net biomass carbon fect of rising CO, concentration. The AGB gain was significantly
gains during each drought year are, thus, lower in S2 than in S1. higher under S2 than S3 (p<.05), because of the increase of NPP from
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FIGURE 10 AGB gain from growth, loss from mortality and net AGB change in the epicenters of each major drought from the three
scenarios. S1: Varying CO, and recycling climate over 1901-1920, S2: Varying CO, and historical climate change, S3: Historical climate
change and constant CO, concentration. The epicenter of a drought is defined by pixels with Z-scored MCWD below -1.645, corresponding

to 90% confidence interval following normal distribution.

elevated atmospheric CO,. The AGB density was higher in S2 than in
S3, reflecting a higher carbon accumulation due to the historical in-
crease of CO, (Figure Sé). Yet, there was also significant difference
of AGB loss between S2 and S3 (p<.05). When we look at the mor-
tality risk with and without rising CO,, in the epicenter of the eight
drought events (Z-score of MCWD below -1.645), the number of days
with mortality risk was significantly higher in S3 than that in S2, with a
difference that can reach up to 10days (Figure S7). This result implies
that, in our model, elevated CO, induced a partial alleviation of mois-
ture stress from stomatal closure and reduced transpiration, offsetting
a possible increase of transpiration due to higher foliage area. During
droughts, the modeled evapotranspiration rate confirms a smaller soil
moisture stress in S2 (Figure S8) compared with S3 where CO, is fixed.
Since the model here did not include the downregulation of nutrient

limitation, the CO, fertilization effects could be overestimated.

4 | DISCUSSION

4.1 | Mortality in the model and its sensitivity to
water deficits

41.1 | Mean patterns of mortality and turnover

A clearer understanding on the response of the Amazon rainfor-
est to drought is indispensable for future predictions. We found
that our model, despite having its parameters calibrated only for
the Caxiuana throughfall experiment, and lacking a description of
the diversity of plant traits, is capable to produce realistic average
cross-basin mortality rates, and higher mortality rates and bio-
mass losses in the epicenter of each drought. With our hydraulic

failure—mortality module adding up to background tree mortality
(from self-thinning), our simulations (Figure S9) of the mean spatial
pattern of mortality are comparable with mortality rates from inven-
tory data shown by Esquivel-Muelbert et al. (2020). Namely, there
is a prevalence of higher average mortality in the Brazilian Shield.
Nevertheless, the average pattern of ‘high-gain, high-loss’ observed
in the Amazon, for example, by Hubau et al. (2020) is not captured by
our model. Plot observations suggest a larger turnover (larger gain
and loss fluxes) in the Western Amazon, possibly due to different
species composition reflecting adaptation to more fertile soils near
the Andes (Yang et al., 2014). Our model simulates in contrast a pat-
tern of ‘high-gain, high-loss’ in the Guiana Shield region. This can be
related to the fact that our model lacks representations of nutrient
dynamics (higher phosphorus content of soils promoting growth in
the Western forests) and species traits regional differences, and that
it includes only drought mortality and not the other disturbances
modulating forest turnover, like windthrown in the Western Amazon

(Negron-Juarez et al., 2018).

4.1.2 | Droughtimpacts on demography

The hydraulic architecture and drought induced mortality scheme
on top of the demography structure permit us to analyze the tree
mortality rate per tree size. Besides the smallest tree size cohort,
the annual mortality rate increases with tree size in our simula-
tions, especially in area with a moderate drought risk (Z-score
MCWD < -1.645) as shown in Figure S10. A larger mortality of taller
trees is independent of the region considered, since greater gravita-
tional energy is required to pull water upward along longer transport
pathways in bigger trees in the model. Monitoring of forest plots
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showed that older or larger trees were disproportionally threatened
by El Nifio drought (Meakem et al., 2018). However, field measure-
ment evidences have not reached consensus as they showed vul-
nerability of bigger trees (Bennett et al., 2015) or no mortality-size
relationship (Powers et al., 2020), where the size dependence could
be superseded by hydraulic safety traits that can be more preva-
lent at coarser scales, as well as the agreement regarding whether
within-species covariation between tree size and water availability
holds at species or landscape level has not been obtained (Trugman
et al., 2021). To compare model results with inventories that only
sample trees larger than 10 cm, we only looked in the model at
growth in corresponding cohorts. With regard to the recruitment,
we simulated more new individuals recruited during drought than
non-drought period (Figure S11), since the recruitment rate is pa-
rameterized in relation to LAl (Joetzjer et al., 2022). In other words,
a decrease of LAl promoted recruitment during drought in our

simulations.

41.3 | Sensitivity of biomass to droughts compared
with observations

The drought sensitivity simulated by our model shows an emerging
positive relationship between mortality and water deficit. This result
is consistent with forest plot observations. The simulated drought
sensitivity is comparable with the one observed in inventory data
for the 2005 drought (Phillips et al., 2009). Inventory measurements
did not sample the epicenter of the 2010 drought. Unlike for the
2005 event, however, selected plots were measured shortly after
2010, thus reducing possible confounding effects of post-drought
climate conditions. These scarce data indicate that forest sites that
were experiencing a severe drought gained less biomass in 2010
but showed no evidence for a significant mortality co-variation with
drought severity (Feldpausch et al., 2016). During the 2010 drought,
data from other sites with regular measurements of ecosystem-level
fluxes (Doughty et al., 2015) showed that foliage and woody NPP
remained unchanged at wet lowland sites, although autotrophic
respiration (Ra) decreased. In the 1° grid cells containing the sites
of Doughty et al., we modeled a decreasing GPP, NPP and Ra with
increasing MCWD (Figure S12), which is inconsistent with Doughty
et al. (2015), excepted for Ra. Our model may over-estimate the neg-
ative response of GPP and NPP to drought at these sites, possibly
because some of the sites include forests that had access to ground
water, a process ignored in the model. It is also possible that soil
properties in the 1° grid cells do not correspond to those observed
at the sites. When we combined the three most recent drought
events together and divided MCWD anomalies into distinct severity
classes, we found that the negative response of AGB from mortality
increases above a threshold of 50mm MCWD anomaly (Figure S13).
Besides, several pixels with a positive MCWD anomaly show only a
small AAGB. For such ‘insensitive pixels’ both plant hydraulic archi-
tecture and soil hydraulic properties seemed to control plant water
availability and biomass dynamics. We note here that our model was

I iy L

calibrated against the Caxiuana experiment with a half-exclusion of
rainfall alone and no coincident manipulation of temperature, and
it could underestimate the sensitivity of AGB to compound events

with low rain, high temperature, and high VPD.

4.1.4 | Importance of soil texture for modeling
mortality during drought

In the model, a rainfall deficit alone does not always bring severe
water stress and mortality as shown in the previous paragraph. This
model behavior is dependent on soil texture parameters. Soils with
a higher clay content are closer to their wilting point when rainfall
decreases but have a greater soil water-holding capacity (difference
between field capacity and wilting point) (McCulloh et al., 2019).
Levine et al. (2016) found that water stress in soils with higher clay
content is likely to influence more negatively plant biomass dy-
namics. Our simulations used the HWSD soil texture map (Wieder
et al., 2014) which has loam distributed in the Western Amazon, and
silt loam and sandy clay loam soils in the central Amazon. Although
this soil texture map produces a reasonable mean mortality rate,
there are ‘insensitive’ pixels where PLC remains below the threshold
of 50% (inducing mortality) even under a severe water deficit (see
Figure S14). Using a more clay rich soil texture in the model could
produce a more sensitive response of AGB to water availability, and
give results more comparable with local inventory observation. As
a test of this hypothesis, at one pixel in the East-Central Amazon,
we prescribed a sandy clay texture instead of loam, and found that
climate-induced mortality increased a lot in 2005, and AGB be-
came more sensitive to MCWD with sandy clay. The spatial vari-
ability of soil properties is high, including at small scale (Marthews
et al., 2014). Therefore, the mismatch between site-specific soil tex-
ture and our 1° model pixels should be considered to understand the

model-observation misfit.

4.1.5 | Importance of threshold parameters that
trigger mortality from hydraulic failure

With regard to the sensitivity of mortality to tree conductance loss
(PLC) in each cohort, the drought exposure threshold and the mor-
tality rate applied to kill trees exceeding the exposure as defined for
simulating mortality by Yao et al. (2022) are coupled in our model.
Adjusting the exposure threshold of PLC causing drought-induced
‘cavitation’ mortality in the model is difficult, since there is almost
no measurement for tropical trees that monitored impairment and
mortality risk above a critical PLC threshold. Critical PLC thresholds
strongly depend upon species, related to traits like height or wood
density. For example, Brodribb et al. (2020) found that a vulnerable
tall tree died in 1week after reaching cavitation. We, thus, would
need field-based measurement of hydraulic damage in the tropics to
better constrain the drought exposure threshold parameterization
of the model.
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4.2 | Perspective to reduce uncertainty of the
biomass drought sensitivity

421 | Variable hydraulic traits

The drought sensitivity of AGB in the real world relates to the di-
versity of hydraulic traits. Those traits confer regional variations in
drought tolerance, and associate with habitat preferences (Kunert
et al., 2021), although some traits could be spatially coherent (Powell
et al., 2017). Our study used a set of hydraulic parameters for traits
calibrated from the Caxiuana drought experiment. In reality, there
is a broader diversity reflecting plant water use strategies, even at
small spatial scale. Highly variable water potentials at which 50% of
conductivity is lost (¥5,) in stem xylem were observed by Oliveira
et al. (2019). Species traits spatial differences in water deficit affili-
ation, that is how traits leading to hydraulic failure have adapted to
local long-term frequency and severity of drought at a given place,
also relate to mortality risk. But a high dffiliation to drought does not
warrant resistance to the more severe ‘new types’ of drought emerg-
ing in the recent years (Esquivel-Muelbert et al., 2017). Apart from
background climate affiliation, hydraulic traits also vary with tree
size (Bittencourt et al., 2020), soil fertility and topography (Oliveira
et al., 2019). Below, we discuss a few critical traits that could be
given spatial variability in our model.

4.2.2 | Tree water potentials safety margin

Hydraulic safety margins calculated as the difference between ¥,
and the minimum water potential during a drought correlates with
mortality risk among species (Powers et al., 2020). Larger hydrau-
lic safety margins protect trees from hydraulic damage (Ziegler
et al., 2019). Interspecific heterogeneity in hydraulic performance
for xylem safety and efficiency trade-off should give the possibil-
ity to see a possible dominance of drought-tolerant species in the
case of more frequent and severe droughts (Zuleta et al., 2017). To
capture these effects in models, we see a critical need for incor-
porating functional diversity in the traits that determine vulner-
ability and water regulation strategies (Anderegg et al., 2019). Liu
et al. (2021) proposed to constrain indirectly the distribution of
plant hydraulic traits with satellite observations of VOD, evapo-
transpiration and soil moisture. This approach could provide use-
ful insights about hydraulic traits such as water potential safety
margin and pre-dawn water potential by calibrating optimal pa-
rameters in the model to minimize the difference between satellite

observations and simulations.

4.2.3 | Wood density

Wood density is partly related to stem water potentials, life history
and drought resistance (De Guzman et al., 2021). Species with low
wood density are expected to be more vulnerable to droughts. On

the contrary, species with high wood density are considered to be
more resistant to hydraulic failure, as evidenced by negative ef-
fect of wood density on mortality in response to the 2010 drought
through generalized linear mixed model (Zuleta et al., 2017). Besides
wood density, trade-off in wood volume allocation also relates to
xylem efficiency-safety trade-off (Janssen et al., 2020). Site-level
evidence showed that easily measured traits like wood density can
help to understand drought responses (Santiago et al., 2018). In
other words, through the measurement of wood density, and its re-
lationship with plant inherent hydraulic traits, for example, the nega-
tive linear relationship between sapwood turgor loss point and wood
density found by De Guzman et al. (2021), variability of hydraulic
parameters could be incorporated into our model using new wood
density maps (Mitchard et al., 2014).

4.3 | Reducing uncertainty on the effect of
elevated CO, to alleviate trees' response to drought

For predicting biomass dynamics in Amazon rainforests, interactions
between drought and elevated CO, are of key importance. Our model
produced a higher AGB gain under elevated CO, during droughts but
this positive effect was overall offset by negative climate effects, as
shown in Figure 10. The positive effects on growth from elevated
CO, in our model is spatially uniform, while there is spatial hetero-
geneity in the AGB loss response to drought. During drought years,
most pixels show a lower mortality risk in S2 with elevated CO,, com-
pared with S3 with fixed CO, (Figure S7), consistent with simulations
from (less advanced) terrestrial biosphere models showing that CO,
fertilization decreased the probability of dieback in eastern Amazon
(Zhang et al., 2015). Reduced transpiration due to increased CO, (a
difference between -0.4 and Omm/day from S2 - S3) was modeled
in most pixels, for example during the 2015/16 event (Figure S8). Yet,
this response of transpiration to increasing CO, is not spatially uni-
form and has uncertainties (Mengis et al., 2015). The degree to which
water stress can be mitigated by rising CO, needs further calibra-
tion, for example, through field-studies of leaf hydraulics adjustment
(Cernusak et al., 2013; Zuidema et al., 2020). New data such as the fu-
ture Amazon Free-Air CO, enrichment experiment, should also help
resolve the optimal stomatal behavior from the trade-off between
carbon uptake and water loss. We should also notice that the nutri-
ent cycles are not well characterized in current model version, where
the nutrient limitation like N and P deficit can modify the response of

vegetation to increasing CO,,.

4.4 | Legacy mortality and post-drought
biomass recovery

441 | Legacy mortality

Besides hydraulic transport recovery, legacy effects of drought
have an impact on living trees through partial damage. For example,
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elevated post-drought mortality was showninthe Colombian Amazon
(Zuleta et al., 2017) and also central Amazon (Aleixo et al., 2019).
Currently, our model only considers cumulative drought exposure
through PLC and has no legacy mortality effects. Such carryover ef-
fects could be further incorporated. For example, we may calibrate
the depletion of labile carbon pools and reserves (already included in
the model) after a drought to investigate how nonstructural carbo-
hydrate (NSC) change during the drought and whether less available
NSC would affect the following growth trajectory (Signori-Mdller
et al., 2021). Furthermore, increased mortality during drought is also
linked with the appearance of other disturbances, like fire and insect
outbreaks (Brando et al., 2014), since droughts concur with peaks
of fire activity. Thus, interaction with other disturbances, which can
induce a ‘death spiral’ (Franklin et al., 1987), also needs to be consid-
ered. For example, we could adapt the fire module (Yue et al., 2014)
of ORCHIDEE to reproduce Amazon fires, through which the effects
of droughts and the accompanying higher fire risks can be tracked.

44.2 | Post-drought resilience

In addition to distinct resistance strategies, possible recovery pro-
cesses after embolism are also crucial in the simulation of hydrau-
lic efficiency-safety trade-offs (Klein et al., 2018). Recovery from
hydraulic damage like embolism repair or vessel refilling can buffer
drought mortality. After reaching the cavitation threshold, to what
extent the embolism reversal can happen after the re-watering
and how much xylem tension can relax are still under debate and
require more evidences, like the experiments of the dry-down and
re-watering on plant individuals that can permit the detection of the
plant tolerance to water stress condition and their recovery abilities,

to enable a generalized parameterization into process-based models.

5 | CONCLUSION

We used a process-based model describing plant hydraulics, back-
ground light competition and drought induced tree mortality,
ORCHIDEE-CAN-NHA, to evaluate the drought sensitivity at re-
gional level and investigate AGB changes for the eight most severe
drought events since 1901 over the Amazon. The model can suc-
cessfully quantify the drought sensitivity of AGB growth and mor-
tality to cumulative water deficits compared with plot data collected
for the 2005 and 2010 droughts. We assessed a higher sensitivity
of net AGB change in response to water stress during the extreme
2015/16 drought. Comparison of extent and severity of the eight
droughts and their AGB anomalies indicates that the 2015/16 event
was the most severe both in terms of drought intensity in its epi-
center and the area where severe biomass loss occurred. Factorial
simulations helped us to discern the contribution of climate change
and increased CO, concentration: climate change negatively af-
fected AGB gain and loss, whereas moisture stress was reduced to
some extent by elevated CO,. More field-evidence, like hydraulic
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traits distributions and a better accounting of soil texture hetero-
geneity, are priorities to fill the model-observation gap and produce
more reliable spatial gradients of mortality risk. We hope that this
study makes an important step forward in quantifying the large-
scale carbon impacts of tropical forest drought and enhances our
ability to make future predictions.
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