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Abstract The future evolution of the Amazon rainforest remains uncertain not only due to uncertain climate
projections, but also owing to the intricate balance between tree growth and mortality. Many Earth System
Models inadequately represent forest demography processes, especially drought-induced tree mortality. In this
study, we used ORCHIDEE-CAN-NHA, a land surface model featuring a mechanistic hydraulic architecture, a
tree mortality sub-model linked to a critical loss of stem conductance and a forest demography module for
simulating regrowth. The model was forced by bias-corrected climate forcing data from the ISIMIP-2 program,
considering two scenarios and four different climate models to project biomass changes in the Amazon
rainforest until 2100. These climate models display diverse patterns of climate change across the Amazon
region. The simulation conducted with the HadGEM climate model reveals the most significant drying trend,
suggesting that the Guiana Shield and East-central Amazon are approaching a tipping point. These two regions
are projected to transition from carbon sinks to carbon sources by the mid-21st century, with the Brazilian Shield
following suit around 2060. This transition is attributed to heightened drought-induced carbon loss in the future.
This study sheds light on uncertainties in the future carbon sink in the Amazon forests, through a well-calibrated
model that incorporates tree mortality triggered by hydraulic damage and the subsequent recovery of drought-
affected forests through demographic processes.

Plain Language Summary Whether the Amazon rainforest will remain as net carbon sink or not has
long been of great concern as the drought events are predicted to become more frequent and more intense in the
future and such extreme events highly threaten the forest net carbon uptake capacity. Here we use a process-
based model embedding drought-induced tree mortality scheme that can perform well regarding past drought
events over Amazon basin, to predict the future drought-induced tree mortality risk and the evolution of net
biomass carbon sink. The climate models present consistent warming but different wetting/drying patterns,
although most of them consistently predict a drier trend in northeastern Amazon. Simulations forced by one
climate model showed a carbon sink turning to a carbon source in more than half of Amazon rainforest since the
middle of the 21st century. This work can inform the forest area with high tree mortality risk in the future, which
calls for more concerns on mitigation policies.

1. Introduction

The Amazon rainforest biome is a crucial concern due to its vast yet fragile carbon and biodiversity reserves.
Intact Amazon forests hold more than 20% of terrestrial species, house 100 billion tons of carbon (Feldpausch
et al., 2012), absorb atmospheric CO,, and regulate regional and continental climates by recycling moisture
(Werth & Avissar, 2004; Zemp et al., 2017). Despite these critical functions, the stability and spatial continuity of
the forest are threatened by climate extreme events such as droughts and storms, widespread deforestation in the
South, East, and South-West regions, as well as forest degradation in adjacent areas. These factors increase the
risk of reaching a tipping point, where intact forests may transition to carbon sources and even collapse within a
few decades. As aresult, it is crucial to reduce uncertainties and better understand the likelihood of such a tipping
point, and take mitigative actions to preserve the health and resilience of the Amazon rainforest.

Increasing biomass mortality triggered by recent drought events, which seem to be more frequent and severe than
in the early 20th century was suggested to explain the decline in net biomass carbon sink during the past three
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decades, despite a continuing but decelerating increase of tree growth rate (Brienen et al., 2015). The carbon sink
strength thus weakens in the Amazon intact forests (Phillips & Brienen, 2017). When added to degradation, fires
and deforestation losses, the Brazilian Amazon biome, and certainly its South-eastern part, appears to be losing
carbon to the atmosphere (Gatti et al., 2021; Qin et al., 2019). Given likely more severe climate condition by the
end of the 21st century, for example, with hot and dry clusters in the northeastern Amazon (Vogel et al., 2020) and
a longer dry season in the southern and eastern regions (Boisier et al., 2015), it is important to predict the future
trajectory of carbon balance in intact rainforests, and anticipate the degree beyond which their structure and
function would be highly threatened. Such knowledge is fundamental to provide early warning information, and
form policy-relevant strategies to protect this vital biome.

Since the beginning of the 21st century, several severe drought events hit large regions of the intact Amazon
rainforest. The 2005 and 2010 drought events and the 2015-2016 extreme El Nifio have been evaluated for their
impacts on growth and mortality through forest inventory plot data like from the RAINFOR network (Berenguer
et al., 2021; Doughty et al., 2015; Feldpausch et al., 2016; Phillips et al., 2009). Besides labor-intensive, scarce,
and precious field measurements, satellite data were also used to investigate drought effects. Temporal auto-
correlation with long-time series of remote sensing data reflecting ecosystem response has been used to detect
early warning signals of reduced resilience or inadequate recovery (Liu et al., 2019; Saatchi et al., 2021). LiDAR-
based tree height measurements following the severe drought of 2005 was also used to show post-drought
mortality in the epicenter region of that drought (Yang et al., 2018). Decreased resilience to drought was also
found over the last 30 years from C-band radar back-scatter time series analysis (Tao et al., 2022). While forest
inventory data and satellite products are valuable in assessing past drought effects, they do not provide insights
into future projections. The future is likely to bring novel conditions such as elevated CO, levels, droughts in
regions that have not experienced them before, and emerging nutrient limitations. Thus, it is essential to consider
the increasing likelihood of more frequent, warmer, and severe droughts in the 21st century when projecting
changes in forest dynamics and their carbon balance (Parsons, 2020). To do so, process-based models that
incorporate the key mechanisms of ecosystem-level physiological responses can provide a valuable tool for
projecting these changes. By utilizing these models, we can better understand how the Amazon rainforest will
respond to future environmental changes and take steps to mitigate the impacts.

Process-based models have been employed to examine the mid-Holocene drought in the Amazon region. This
period is of interest due to its drier climate and lower levels of human intervention than the present day. Spe-
cifically, these models have investigated aspects of tree cover resilience (Kukla et al., 2021) and the possibility of
tree die-back (Smith et al., 2022) during this time period. Smith et al. (2022) focused on mid-Holocene drying as
an analog to the drier future, and used model versus paleo-data comparisons to assess the risk of a future Amazon
rainforest dieback, based on the higher vulnerability and sensitivity to mid-Holocene drought reconstructed in
transitional areas of the southern Amazon. The rainforest in central Amazon remained intact in response to drier
climate condition in that study. Nevertheless, we still lack spatially explicit simulations of the Amazon forest
dynamics based on tree demography, droughts mortality, recovery after drought, and interactions between climate
change and rising CO,, which will altogether determine biomass changes in the future. Therefore, a critical need
has emerged to predict the response of Amazon rainforest with more realistic process-based models.

Tree mortality from drought constitutes one of the most uncertain processes that affects the simulation of the
Amazon biomass carbon stocks sensitivity to climate change, due to knowledge gaps on plant hydraulics
(Trugman et al., 2021), large variations of the response across different species, insufficient understanding of the
mechanistic linkages between plant stress and tree mortality. This has resulted in multiple empirical mortality
parameterizations by modelers therein (Liu, Peng, et al., 2021; Xu et al., 2021). To improve models' performance
for reproducing climate-induced tree mortality, the physiological mechanisms underlying tree dieback were
encapsulated in models, and evaluated against field evidence. Water demand down-regulation by an insufficient
xylem water supply is an indispensable process for modeling plant hydraulic architecture in ecosystem-level or
individual-based demography models. Here the Darcy law is used to approximate the plant hydrodynamics, and
requires the calculation of water potentials coupled to water supply to upper organs and water demand, and
changes in water holding capacitance (Kennedy et al., 2019; Xu et al., 2016). Safety-efficiency trade-off gives a
theory to optimize the response of stomatal conductance during drought, although it may not occur as strongly as
predicted (Gleason et al., 2016). Tree hydraulic models help to refine the simulation of water flow from soil-root-
stem-leaf continuum, water potential and water conductance of each organ, so that hydraulic-failure related loss
of tree vitality can be predicted, which is a condition for being able to model mortality due to cavitation. Hence, a
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mechanistic hydraulic architecture in a model allows to connect environmental water stress and tree mortality
through modeling plant hydrodynamics.

Yet, little is known about how trees die and thus how mortality can be modeled. Different formulations of tree
mortality have been attempted including theoretical formulations, empirical or statistical models (related to tree
growth), and mechanistic processes from physiological mechanisms (Bugmann et al., 2019). Nonetheless, full
plant hydraulics process-based models have rarely been used to predict future mortality risk at regional spatial
scales (Trugman, 2021). In this study, we used the recently developed and calibrated process-based model
ORCHIDEE-CAN-NHA (Yao, Joetzjer, et al., 2022) with a simplified tree demography module (Joetzjer
et al., 2022; Naudts et al., 2015), a mechanistic hydraulic architecture module to simulate plant hydrodynamics
from soil to atmosphere, and a mortality module based on the persistence of tree conductance loss and empirical
equations to prescribe the size class of trees that are killed. This model was demonstrated to perform well against
experimental drought studies at Caxiuand in eastern Amazon, and Tapajos in east-central Brazilian Amazon (Yao,
Joetzjer, et al., 2022). At larger scale for simulations across intact forests of the Amazon, the model was also able
to reproduce the decelerating net carbon sink trend over the last three decades, and the field-observed drought
sensitivity of trees growth and mortality during recent severe drought events (Yao, Ciais, et al., 2022). In this
study, we aim to predict the future biomass carbon sink trajectory and investigate the mortality risk over intact
rainforests in the Amazon basin. To account for the uncertainty in future climate, the simulations were performed
using outputs of four different climate models. Because climate models have huge biases over the Amazon,
especially of precipitation (Ahlstrom et al., 2017), the climate fields were bias corrected first using the harmo-
nized procedure of the Inter-Sectoral Impact Model Inter-comparison Project (ISIMIP) and further for con-
straining the interannual variability of future precipitation using historical data (see below). The climate forcing
was also downscaled to a spatial resolution of 0.5° X 0.5° by ISIMIP. The climate models are IPSL-CM5A-LR,
GFDL-ESM2M, HadGEM2-ES, and MIROCS. The specific aims of this study are:

1. What are the spatiotemporal features of future droughts projected by climate models, and are those future
droughts more severe/frequent than past ones?

2. What is the uncertainty of regional biomass carbon change caused by differences in climate projections?

3. Which part of the Amazon rainforest are consistently most vulnerable or closer to reach a tipping point of
switching from a carbon sink to a source?

2. Materials and Methods
2.1. The Land Surface Model ORCHIDEE-CAN-NHA

In ORCHIDEE-CAN (Naudts et al., 2015), the dynamic vegetation canopy structure is discretized into a user-
defined number of circumference classes (n = 20 in this study); then the between-cohorts competition is real-
ized through one empirical self-thinning relationship set in the model and the recruitment rate of young trees is
related to leaf area index (LAI). Canopy level GPP is downscaled into the different circumference classes.
Background mortality is simulated as the reciprocal of a constant residence time, in addition to self-tinning
mortality. ORCHIDEE-CAN-NHA (Yao, Joetzjer, et al., 2022) added a mechanistic hydraulic architecture and
a hydraulic-failure induced mortality sub model to ORCHIDEE-CAN. The full name of ORCHIDEE-CAN-NHA
is Organizing Carbon and Hydrology in Dynamic Ecosystems—CANopy—New Hydraulic Architecture. In this
new version, dynamic ¥2 hourly water potentials, water flows along the water potential gradient, and change in
water transport conductance and plant organs water storage are simulated. For mortality, the key plant water stress
indicator is the percentage loss of stem conductance (PLC), which is assumed to relate to tree mortality through
two empirical parameters, a cuamulated drought exposure threshold (in days), and a tree mortality fraction in each
tree size cohort during each time step when exposure is exceeding the threshold. There is no field measurement for
these two parameters, so they were calibrated at the world's longest running through-fall exclusion (TFE)
manipulation experiment of Caxiuand (Rowland et al., 2015) and the model results for biomass mortality were
evaluated against data from another TFE site, at Tapajos (Yao, Joetzjer, et al., 2022). Further model validation at
regional scale can be found in Text S1 to S3 in Supporting Information S1 including validation of aboveground
biomass (AGB), LAI, AGB changes and drought responses.
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Figure 1. Quasi-emergent constraint on the model-simulated Amazon rainfall. (a) Amazon rainfall inter-annual standard

deviation (SD) in the past (1901-2005) versus that in the future (2006-2099) among four models. The black vertical dashed
line denotes the SD of the past from CRUJRA, ~80 mm yr~". The SD of each ISIMIP model seems to be overestimated

compared to that of CRUJRA. (b) PDF for the SD over 2006-2099 in four GCMs. The continuous lines were derived by

applying the SD constraint from CRUJRA to the across-model relationship shown in (a). The dashed lines show the Gaussian
distribution of original SD assuming that all the ISIMIP models' results are equally correct.

2.2. Treatment of ISIMIP (Inter-Sectoral Impact Model Intercomparison Project) Forcing Data

The ISIMIP (Phase 2) project provides an ensemble of downscaled, bias corrected climate forcing based on
different models and RCP scenarios. Four global climate models (GCMs) from ISIMIP, (GFDL-ESM2M,
HadGEM-2ES, IPSL-CM5A-LR, MIROCS) and two emission scenarios (RCP2.6, RCP8.5) contribute to eight
gridded climate fields for the future. These climate forcing are used to force ORCHIDEE-CAN-NHA. Four GCMs
from CMIP5 (Coupled Model Intercomparison Project Phase 5) were selected as in Frieler et al., 2017. Since bias in
precipitation is huge and influences the modeled mean aboveground biomass, with climate models showing a large
dry bias without bias correction (Ahlstrom et al., 2017), the ISIMIP forcing procedure, in addition to downscaling
the climate forcing to 0.5° also uses a bias correction (Hempel et al., 2013). Namely, spatial and seasonal patterns of
climate variables were corrected upon the Climatic Research Unit (CRU) fields for the period 1960-1990. This bias
correction removes the mean and seasonal precipitation bias, but the inter-annual variability of climate models
remains as originally simulated by GCMs during the historical period and the future. This means that ISIMIP
models may have either too many or too severe droughts, or the opposite, during the current period, and this bias can
persist in the future. Correction for the mean value of climate variables could be sufficient to evaluate the mean
productivity but not for investigating tree mortality that depends on extreme events. Therefore, we used an
emergent constraint method (Cox et al., 2013) to resample the future inter-annual variability so that the present-day
variability of each climate model is realistic when compared to observations from CRUJRA2.1 (Harris, 2019),
where the correction also allows to keep the change in climate variability in the future.

We found that the climate models have a larger than observed inter-annual standard deviation (SD) of rainfall over
the historical period and a larger standard deviation in the future as well (Figure 1). All models over-estimate the
observed SD. Therefore, we designed a quasi-emergent constraint method by constraining the future expected SD
based on the relationship between present and future across the models, as shown in Figure 1. The constraint is the
observed SD from CRUJRAZ2.1 over 1901-2005. We first calculate annual rainfall over Amazon basin (basin map
in Figure S1 in Supporting Information S1). We then do a bias correction of the mean value and SD of rainfall
over the historical and future periods. For calibrating SD, we define an initial threshold of M + x X SD at the basin
level, where M is the mean rainfall value of each ISIMIP model, SD is the inter-annual standard deviation of each
model, and x is a parameter adjusted for four ISIMIP models individually. If the annual precipitation in a given
year is above the upper bound (or below the lower bound) defined by M £ x X SD, the annual precipitation is set to
be equal to the upper (or lower) limit. This correction is performed iteratively on basin-level annual precipitation
until the corrected SD is closer to the constrained one, so that the expected SD is constrained as shown in Figure 1.
Then a correction ratio was derived as the “corrected” annual precipitation dividing the “uncorrected” one, which
can be applied to the whole basin. As the mean value of precipitation in GCMs is still tens of millimeter away
from the reanalysis data, we refer to the multiplicative method used in Hempel et al. (2013), by applying a ratio
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Table 1
Description of Simulations Performed in This Study

Climate forcing Atmospheric CO, Mortality module Restart point

Spin-up stage 1 1861-1880 Constant (286 ppm) Deactivated / /
Spin-up stage 2 1861-1880 Constant (286 ppm) Activated Stagel /
S—historical 1861-2005 Increasing Activated Stage2 Historical

S—future 2006-2099 Increasing Activated End of S - RCP 2.6
historical RCP 8.5

S—future— 2006-2099 Constant (378.8 ppm) Activated End of S - RCP 8.5
constant CO, historical

Note. Due to the limitation of computation resources, S-future-constant CO, simulation was carried out only for RCP8.5
scenario.

derived from the mean annual rainfall from the baseline one (CRUJRA) divided by that from four ISIMIP forcing
on top of the precipitation data. In total, the precipitation forcing data was corrected by two ratio values, one for
SD, and one for the mean value. This corrected precipitation forcing was used in our model simulation. The
change in mean annual precipitation after our another-round bias correction is shown in Table S1 in Supporting
Information S1.

2.3. Simulation Protocol

To initialize carbon pools from the ORCHIDEE-CAN-NHA model simulations, we designed a two-step spin-up.
During the first spin-up, the model recycles the climate forcing data of the period 1861-1880 with constant CO,
concentration of 286 ppm and a constant mortality, which reflects longevity-inversed metric and also self-
thinning parameterizations of the model. At the end of this first spin-up stage, biomass carbon storage reaches
an equilibrium. Then, a second spin-up takes the end of the first one as starting point. During the second spin-up
stage, the model recycles the climate forcing data during 1861-1880 with constant CO, concentration of 286 ppm
but its mortality scheme is activated. The drought events during 1861-1880 then lead the model to reach another
dynamic equilibrium, with less biomass, as caused by recurrent drought mortality. After the second spin up, the
historical and future simulations followed the protocols shown in Table 1.

2.4. Drought Severity (Climatological Water Deficit)

Following previous research on the evaluation of drought area and severity (Papastefanou et al., 2022), the
maximum cumulative water deficit (MCWD) was used to compare droughts, as given by Equations 1 and 2. A
fixed value for evapotranspiration (ET) of ~100 mm per month is used (Phillips et al., 2009). When monthly
rainfall is below 100 mm, the forest undergoes water deficit. The water deficit accumulates over the hydrological
year from October in the previous year to September in the current one. MCWD is the most negative value of the
cumulative water deficit among all 12 months. Then decadal mean of MCWD over the whole period was sub-
tracted from the MCWD of a year with drought, giving a MCWD anomaly.

CWD,, = CWD,,_; + P, — 100 if P, < 100, else CWD,,, =0 (1)
with m being the month 1, ...12 (1 = October)
MCWD = min(CWD,)),m=1, ..., 12 2)

2.5. Diagnostic of Aboveground Biomass Dynamics

From the model outputs, the net annual aboveground biomass change (/AAGB), AGB gain and loss are calculated
over each hydrological year. The AGB “gross” gain is the carbon allocated to the growth of aboveground
sapwood in cohorts with DBH above 10 cm, each year. Note that the model includes a conversion of sapwood to
heartwood which does not changes the net growth. The AGB “gross” loss is the biomass mortality of aboveground
sapwood and heartwood in cohorts with DBH above 10 ¢cm, each year. /AAGB is the difference between AGB
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Figure 2. Evolution of future temperature change shown as the difference between MAT (mean annual temperature) during the last 20 years by the end of the 21st
century (2080-2099) and MAT during 1986-2005. Top panels: RCP2.6, bottom panels: RCP8.5.

gain and AGB loss. The anomaly during a drought year k is derived by subtracting the average value (u) over the
whole period by Equations 3-5. The recruitment also constitutes a part of growth, however, here to be comparable
with the inventories that only sample trees individuals with DBH above 10 cm, the growth of saplings less than
10 cm in diameter is not included in the diagnostic of model output.

AAC}Bamomaly = A‘AC}Bk — HaaGB (3)
AGBgainanomaly = AGBgaink — HAGBgain (4)
AGBIOSS’anomaly = AGB]OSSk — HAGBIloss (5)

Linear regression was performed between carbon fluxes and MCWD anomalies relative to multi-year mean
values to obtain the net carbon change sensitivity.

2.6. Model Evaluation Statistics

We used the R programming environment and statistical packages (version 3.5.0; R Core Team, 2019) for all data
processing and analysis. Package “ncdf4 v1.17” (Pierce, 2019) is used to handle files in NetCDF format from
model outputs. Package “fields v10.3” (Nychka et al., 2020) is used in AGB change and climate metrics mapping.

3. Results
3.1. Quantification of Future Climate Evolution

Warming is widespread across the whole Amazon basin by the end of this century in all GCMs, yet with het-
erogeneous pattern and different hotpots (Figure 2). In the RCP2.6 scenario, IPSL and MIROC show a warming
of higher magnitude than other climate models, especially in southern Amazon for MIROC and western Amazon
for IPSL. The mean warming across models is of 1.3 £ 0.3°C in 2080-2099 compared to the period 1986-2005.
The geographic extent of the warming trend expands and intensifies in the RCP8.5 scenario, with an average
warming of 4.9 £ 1.4°C. As shown in Figure 2, two models (GFDL and MIROC) show a lower warming
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Figure 3. Same as Figure 2 but for mean annual precipitation (MAP) changes.

especially in the southern Amazon (less than 5°C), while one model (HadGEM) shows the largest warming,
mainly in the eastern Amazon (about 7°C).

The vapor pressure deficit (VPD) is a critical factor driving evaporative demand, and thus of the water stress on
plants in our model. In our model, a higher VPD increases the transpiration demand which initially acts to increase
transpiration but can reduce it later when soil moisture is limiting. A higher VPD reduces stomatal conductance
and photosynthesis in the model formulation (Yin & Struik, 2009). Figure S2 in Supporting Information S1 shows
the change of VPD between the end of this century (2080-2099) and the recent historical period (1986-2005).
Similar to the pattern of temperature change, in both RCP2.6 and RCP8.5 scenarios, the IPSL climate model
predicts a VPD increase in western Amazon. The MIROC climate model predicts a VPD increase in southern
Amazon and eastern Amazon. The HadGEM climate model predicts greater VPD increase in eastern Amazon.
VPD increase estimated by GFDL forcing is less obvious than that in other models in both RCP2.6 and RCP8.5
scenarios (Figure S2 in Supporting Information S1). Globally VPD largely follows the pattern of temperature
change (Figure 2 and Figure S2 in Supporting Information S1).

With regard to rainfall changes, the climate models simulate drying and wetting trends across different sub-
regions of the Amazon basin as shown in Figure 3. There is less agreement among the four climate models
than for temperature and VPD changes. In the RCP2.6 scenario, MIROC and HadGEM show a wetting trend in
the western Amazon and a drying trend in the northeastern Amazon, more extensive in HadGEM. The IPSL
model shows a wetting trend from the central Amazon to the east side, but the GFDL model shows extensive
drying trend over this area. The wetting-drying dipole is similar between RCP2.6 and RCP8.5 scenario in each
climate model, but more contrasted in the RCP8.5 scenario, with a rainfall difference between dipoles reaching as
much as 1,000 mm yr~' (note the different color scales for each scenario in Figure 3). The climate models'
predictions exhibit little agreement on the area with greater drying trend. The most consistent pattern is that
drought events in northeastern Amazon occur more frequently in all the models, associated with higher tem-
perature, higher VPD and a decline of precipitation.

The MCWD shows a drying trend spatially consistent with the pattern of precipitation reductions, as shown in
Figure 4. MCWD reflects the accumulation of water deficit especially in the dry season with monthly rainfall
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Figure 4. Same as Figure 2 but for maximum cumulative water deficit (MCWD) changes.

below 100 mm (see Section 2.4). The MIROC climate model is the only one that shows different pattern between
MAP and MCWD change, as the increase of MCWD difference reveals greater water stress in central and eastern
Amazon (Figure 4). Three models, GFDL, IPSL and HadGEM, present similar patterns of MCWD and tem-
perature changes, with more water stress in southern Amazon in the GFDL climate model, a drier trend in western
Amazon detected in the IPSL climate model, and more severe water stress in the northeastern Amazon in
HadGEM (Figure 2).

3.2. Change of the Biomass Carbon Sink

Figure 5 presents the distribution of /A AGB, the biomass carbon sink, during 20-yr periods in the historical Era and
the future, with the area experiencing different magnitude of /AAGB. By the end of the 21st century in the RCP2.6
scenario, the area where the forest is a net carbon source (from biomass only) is a bit more extensive in the [PSL
simulation than the area being a carbon sink. For the net Amazon biomass carbon balance, growth continues to
exceed mortality in the period 2080-2099 (source: —0.12 PgC yr~' vs. sink: 0.17 PgC yr™"). In comparison, the area
being a carbon source is smaller than the one of sink in GFDL, MIROC, and HadGEM. These results account for the
effect of CO, driving a larger CO, uptake when it increases. Atmospheric CO, peaks at 442.8 ppm by 2052 in
RCP2.6 and then declines slightly to 421 ppm by 2100, which drives a small decline in photosynthesis uptake after
the peak, in absence of climate change. In the IPSL and HadGEM models for the RCP2.6 scenario, regional sinks
slightly exceed sources, and the Amazon intact forests remains a net carbon sink, with a magnitude comparable to
the historical period with the HJdGEM model (0.04 PgC yr~" in the past vs. 0.02 PgC yr™! in the future) and the
magnitude shrinking with the IPSL model (0.15 PgC yr™" in the past vs. 0.04 PgC yr™ in the future). In the GFDL
climate model, the Amazon rainforest turns to be a small net carbon source in the RCP2.6 scenario (—0.02 PgC
yr_]). In the MIROC model, we found a small net carbon sink in the future, but a carbon source in the historical
period due to a huge drought estimated by the MIROC model for year 2005, even with our SD bias correction
(Figure S3 in Supporting Information S1). This drought event is stochastic in the MIROC model and the modeled
carbon balance differs from RAINFOR forest plot observations upscaled to the entire Amazon.

In the RCP8.5 scenario, regional carbon sinks and sources intensify, following the patterns of wetting and drying
regions respectively. The HadGEM forcing leads us to simulate a net carbon source across the whole Amazon of
0.5 PgC yr~', which is composed of a 0.57 PgC yr™" carbon source mainly located in the northeastern Amazon
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Figure 5. Net biomass carbon fluxes densities during 2080-2099 for two climate scenarios, and 1986-2005 (y-axis) and the area (x-axis) for different intensity
categories, presented in decreasing order of net carbon sink densities. Total carbon budget is labeled in the panel, separated by carbon source (dark-yellow color) and

carbon sink (cyan).

where extreme warming occurs (Figure 2), outweighing a 0.07 PgC yr™" carbon sink in other regions (Figure 5).
MIROC also leads to a small net carbon source of 0.03 PgC yr™". In contrast, the simulations forced by GFDL and
IPSL all predict a higher carbon sink relative to the historical period (GFDL: 0.45 vs. 0.22 PgC yr~', IPSL: 0.24
vs. 0.22 PgC yr™"). The carbon source driven by GFDL shrinks in the future (—0.19 vs. —0.03 PgC yr~") whereas
the magnitude of net carbon loss increases in IPSL simulation (—0.07 vs. —0.11 PgC yr™"). Our simulation results
all include the positive effect on forest growth of rising CO, by 479.3 ppm between the present period and 2080—
2099 in RCP8.5.

Besides the differences of mean carbon balance estimate between two time periods, we also found that there is a
large inter-annual variation of net biomass change during the historical period and in the future (Figure S4 in
Supporting Information S1). By the end of the 21st century, years with positive and negative net biomass change
appear in the RCP2.6 scenario. The frequency distribution of carbon sources and sinks in the last 20 years of the
historical period and in the future simulation is shown in Figure 6. In the RCP2.6 scenario, the number of years
with a source does not increase relative to the historical period. In the RCP8.5 scenario, however, the number of
years with a source increases, and the magnitude of carbon source anomalies also increases in Guiana Shield,
East-central Amazon and Brazilian Shield in the HadGEM simulations. In the RCP8.5 scenario, the results forced
by HadGEM show that the Guiana Shield and East-Central Amazon turn to become net carbon sources after
around 2045. The Brazilian Shield also becomes a carbon source in this model after around 2060 (Figure S4 in
Supporting Information S1). We only found a “tipping-point” from sink to source over the whole Amazon in the
simulation forced by the HadGEM climate data (Figure S4 in Supporting Information S1). Through a comparison
between model simulations with and without drought-induced tree mortality scheme, we demonstrate that such
sink-source transition is attributed to heightened drought-induced carbon loss (Figure S5 in Supporting

YAO ET AL.

9 of 18

85USD|7 SUOWWIOD 9ATE81D) 8|qedl|dde au Ag peusenob e S9oile YO ‘SN Jo S8|nJ 10) ARIgITaUIIUO AS]IA UO (SUONIPUOD-PUB-SWIBIAL0Y A8 | A eIq 1 jBUlU0//SdNY) SUONIPUOD Pue SWiB | 8y} 89S *[7202/80/2z] Uo A%iqiauluo As|Im ‘soueld aUeyo0D Ad OZE0043€202/620T OT/10p/Lod Ae | AReiqipuljuo'sandnBe/sdiy woiy pepeojumod ‘8 ‘v20Z ‘222v8282



A2 ]
M\I Earth's Future 10.1029/2023EF003740
AND SPACE SCIENCES
Guiana Shield East-central Amazon Western Amazon Brazilian Shield
o Historical o o 1 o |
GFDL 2 ° o °
RCP85 \ O A\ A\
°F 3 506712345 5 35 A067123338 5 5 A0712382385 5 5 701235343
5ipsL o] o] A o] o] A
= 55 012335 55 06712335 55 06123358 55 A0671 2335
Q o o o o
§ N_ N_ N_ N_
@ MIROC 2 =R /J\ o o]
[ 1 Lo 1 \ 1 / \ 1 ;
°F5 3 50612345 5 35 A0612348 5 5 A012382385 5 5 707123543
QU = QA o
HadGEMe | ° ° ) o]
T 7N 1 A ) \\ 1 /t i e
° 53 506123355 5 5 406123358 °F 5 A01235335 °F 5 307123543

A AGB(MgC ha' yr) A\ AGB(MgC ha' yr') A\ AGB(MgC ha' yr) A AGB(MgC ha' yr)

Figure 6. The frequency distribution of carbon source years and carbon sink years. The comparison is made between the last 20 years of the historical period (1986—

2005) and the future (2080-2099).

Information S1). The drought-induced tree mortality results in an additional carbon loss of 0.56 PgC yr~" over the
Amazon basin (0.57 vs. 0.01 PgC yr~', Figure S6 in Supporting Information S1).

We also analyzed model agreement on the prediction of net biomass change. Figure 7 shows that in the RCP2.6
scenario, simulations forced by the four climate models agree on the sign of net biomass change in Brazilian
Shield but diverge in the Guiana Shield. In the RCP8.5 scenario, three simulations agree on a weaker biomass
carbon sink in western Amazon and Brazilian Shield but disagree on the sign of the carbon balance in the Guiana
Shield and East-central Amazon.

3.3. Comparison of Drought Sensitivity Between the Past and the Future

For the future, given the large divergence of regional rainfall change prediction among the four climate models,
we still lack agreement on the occurrence of possible extreme events if we use the Z score transformed MCWD as
metrics to investigate changes of AAGB to MCWD. Figure 8 shows the anomalies in /AAGB corresponding to
the anomalies in mean annual temperature (MAT) and MCWD. It can be seen clearly that less water deficit
(positive MCWD anomaly) and cooler condition (negative MAT anomaly) correspond to positive /AAGB

Future (2080-2099)

JANIR GFDL
o RCP2.6 IPSL
JANIE A RCP8.5
| HadGEM

AAGB (MgC ha™' yr™")
00 05 1.0

-0.5

A

Guiana Shield  EC. Amazon W. Amazon  Brazilian Shield

Figure 7. /AAGB during the future (2080-2099). Circle: RCP2.6, triangle: RCPS8.5. The color of these symbols represents
the simulations driven by different climate models.
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Figure 8. Composite maps showing AAAGB annual anomaly in each year (Historical: 1986-2005, Future: 2006-2099)
corresponding to MCWD anomalies and MAT anomalies calculated with a baseline period set to 1986—-2005. Negative
MCWD anomaly denotes years with more severe water stress. Positive MAT anomaly denotes warmer years. Blue box
means a positive /AAGB anomaly relative to the whole period, and a red box the negative /A AGB anomaly. The temperature
and water deficit anomalies were binned to different intervals and the AAGBam)maly in each interval was calculated.
anomalies or more biomass carbon accumulation, as expected. For example, the simulation forced by the MIROC
climate model shows that the /A AGB anomaly can be +4 MgC ha™" yr™" in a year when the annual temperature is
2°C lower and MCWD is 200 mm higher than the baseline period. When temperature anomalies turn out to be
positive and water deficit anomalies are negative, negative /AAGB anomalies appear in the bottom-right corner
of each panel, corresponding to dry extremes. As shown in Figure 8, an interesting finding is that the sensitivity of
/\AGB anomaly is not symmetrical between wet and dry extreme events no matter which period is considered
(historical or future). Warmer-drier events correspond to more AGB loss than the AGB increase under colder-
wetter events of same absolute magnitude. For example, simulations forced by the MIROC and HadGEM
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Figure 9. Net biomass change versus drought severity in western Amazon. Severity is defined from MCWD, with higher
positive values denoting more acute water stress. The color of the points corresponds to mean annual temperature anomaly,
with darker color meaning warmer condition. The continuous lines denote the best model fit. Here, to be comparable with the
plot in Phillips et al. (2009), positive MCWD anomaly means more severe water stress as an exception.

climate models showed higher magnitudes of net biomass loss (more than —6 MgC ha™' yr™") than the mag-
nitudes of net carbon accumulation (less than +6 MgC ha™' yr™") given similar but opposite variations in MAT
and MCWD. It should be noted that the biomass loss due to tree mortality risk is also related to the background
AGB, therefore the /AAGB anomaly is not always more negative under RCP8.5 scenario due to its less accu-
mulated biomass.

4. Discussion
4.1. Drought Risk

Future climate change over the Amazon shows a large uncertainty as evidenced by the spread among the four
climate models we used from ISIMIP2b (Frieler et al., 2017). There seems to be however some agreement be-
tween these models and the larger CMIP5 ensemble on an average rainfall decrease in the Amazon basin in the
future (Chen et al., 2014). In the four models used, a warmer and drier tendency diagnosed from the air tem-
perature and water deficit variables prevails in the future. This translates into a higher drought-induced tree
mortality risk over the Amazon intact rainforest. To the best of our knowledge, this study is one of the first that
predicts future changes in the Amazon rainforest biomass and tree dieback in response to drought with a process-
based model incorporating a mechanistic hydraulic architecture coupled to a tree mortality model, whose results
compared well with forest inventory data for two recent droughts (Yao, Ciais, et al., 2022). Without plant hy-
draulics related mortality, many process-based models did not reproduce the observed biomass loss and decrease
of individual density with regard to observed field data at drought manipulation experiments (Powell et al., 2013).

Our model simulation forced by the ISIMIP historical forcing captured the negative relationship between net
biomass change anomalies and MCWD anomalies, as shown in Figure 9. The drought sensitivity simulated by the
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CRUIJRA forcing is about 2.0 MgC ha™' of net carbon loss per 100 mm increase in MCWD (Yao, Ciais,
etal., 2022). Here, the four climate models showed droughts in the epicenter of western Amazon in different years
since droughts from ISIMIP models are stochastic and not synchronized with the real world. Model-derived
drought sensitivity in the epicenter of the western Amazon ranged from —2.11 to —2.27 MgC ha™' per
100 mm increase in MCWD, broadly comparable with the forest inventory plot analysis from Phillips et al. (2009)
of —2.5 MgC ha™! per 100 mm, also with more contribution from increased carbon loss than from decreased
growth, like in the observations.

When forced by the HadGEM climate, we predict a higher tree mortality and correspondingly a greater biomass
loss in northeastern and eastern Amazon, especially in the RCP8.5 scenario. This simulation indicates a transition
from a carbon sink to a carbon source in the Guiana Shield and East-central Amazon by the middle of the 21st
century, highlighting the potential vulnerability of these regions. This finding is not surprising since the eastern
part of the Amazon tends to experience more significant dry-season water stress (Duffy et al., 2015; Malhi
et al., 2009), a faster warming trend, and a greater water deficit as reflected by MCWD. Several studies have
examined the future evolution of the Amazon basin's carbon balance. An earlier study by Poulter et al. (2010) used
LPJml forced by 8 GCMs and found that both HadCM3 and HadGEM (IPCC-AR4 models) predicted large
biomass loss over most Amazon basin by the end of the 21st century, when competition-induced biomass carbon
loss was considered. Huntingford et al. (2013) using the MOSES-TRIFFID land surface scheme forced by 22
climate models (CMIP3), predicted that Amazon intact rainforest carbon sinks will prevail with climate change,
where only one climate model (HadCM3) predicted the biomass loss till the end of the 21st century although this
land surface model did not account for drought-induced tree mortality process. A more recent study by Shi
et al. (2021) combined 5 process-based models and 4 climate projections from ISIMIP2b, and found that high-
emission scenarios predict a carbon sink saturation at the end of 21st century whereas low-emission pathway
would induce decline in carbon sink strength over almost whole Amazon basin since the middle of this century,
where only one land surface model (improved LPJml) considered tree mortality depending on climate stress, tree
density and growth vigor whereas other models simply resorted to constant values like the inverse of turnover or
tree longevity as background mortality rate. The climate projections, their corresponding emission pathway and
model structure all contribute to the uncertainty underlying the predictions of carbon sink strength evolution in
Amazon rainforest. In addition to these process-based models, Hubau et al. (2020) employed a linear mixed
model incorporating environmental variables of CO,, MAT and MCWD to predict the future tropical forest
carbon sink. Using interpolated temperature increase gradients derived from both observational records and
CMIPS, their statistical model forecasts a much lower carbon sink compared to recent observations, with the net
carbon sink approaching zero by around 2040. This warning signal emerges slightly ahead of our process-based
model predictions, possibly attributed to the discrepancy between the pronounced inter-annual climate forcing
variations used in our process-based models and the smoother climate trends derived from interpolated data used
in their statistical models.

Our prediction of biomass loss in northeastern Amazon with a model resolving hydraulic failure and mortality
deserves attention since the maximum tree height therein is the highest (Gorgens et al., 2021) and taller trees
importantly affect the local ecosystem functioning given their dominance in global carbon budget (Gora &
Esquivel-Muelbert, 2021). Our simulation forced by the HadGEM climate model shows a higher tree mortality
rate in cohorts with DBH higher than 40 cm at the end of this century (Figure S7 in Supporting Information S1),
consistent with those field data found during manipulated drought (Rowland et al., 2015). The sensitivity of
carbon dynamics related to tree height still has not reached consensus. On the one hand, the photosynthesis of tall
trees in Amazonia was found to be less sensitive to rainfall inter-annual variability than the shorter trees using
solar-induced fluorescence data, the mechanism proposed being that deeper root system of taller trees give them
access to ground water (Giardina et al., 2018). On the other hand, the narrower hydraulic safety margin of taller
trees suggests that they are more vulnerable to drought-induced water stress (Liu, Chen, et al., 2021). From the
drought manipulation experiment at Caxiuana site, taller trees were found to have less negative W5, and died first
(Rowland et al., 2015). Therefore, the availability of deep soil water source and also the possible shift of intrinsic
hydraulic characteristics co-determine the response of tall trees to future drought risks. Further efforts on
analyzing the RAINFOR data to see if taller trees also die first during these mega droughts are required to fill the
knowledge gap in identifying the relative importance of these two factors in shaping taller trees performance.

In this study, we found that a warmer-drier trend appears in most of the Amazon basin although its intensity and
geographic span vary among the four ISIMIP2b climate model projections and emission pathways. Since our
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model (ORCHIDEE-CAN-NHA) was calibrated against a drought experiment with only exclusion of rainfall, our
“calibrated” sensitivity to rain-out condition may be an underestimation relative to the reality since the field data
did not consider the combined effects of higher temperature and VPD with soil moisture deficits. Compound
precipitation deficits and aridity events are largely co-occurring (Zhou et al., 2019), in which mortality thresholds
could be more rapidly reached than by soil water stress alone. The indirect effect of drought on stomatal closure
was found to outweigh the direct negative biochemical response to high temperature as deduced from an
experimental drought study (Smith et al., 2020), which suggests that several degrees of temperature increase may
still be tolerated by trees before photosynthesis limitation occurs. Huntingford et al. (2013) used sensitivity
simulations by perturbing only one factor of temperature, rainfall and atmospheric CO, to demonstrate that the
predictions of the change in forest carbon across Amazon by the end of the 21st century were more sensitive to
variation in temperature and atmospheric CO, concentration than to alteration in rainfall. Shi et al. (2021) found a
more negative sensitivity of carbon sink strength to temperature increase under higher CO, levels in the Amazon
basin except the southwestern region but less distinct effect on precipitation sensitivity through factorial simu-
lations. Besides the CO, fertilization effect on photosynthesis included in models, Yao, Ciais, et al. (2022)
confirmed an alleviation of drought risk under current CO, concentration (in the historical period) through a
decline in the number of days with exposure to a mortality risk. Here through a simulation with constant CO,
concentration fixed to 2005 level (Table 1), where the biomass carbon stocks would be lower than the scenario of
elevated CO, as we found in similar setup in Yao, Ciais, et al. (2022), we found an increase of tree mortality risk in
the absence of CO, effects over almost half area of Amazon basin, but it is the reduction of biomass growth
without CO, fertilization effect that dominates the more negative carbon balance rather than the more elevated
tree mortality risk (in absence of soil moisture deficit being partly alleviated by elevated CO,). Studies manip-
ulating seedlings have shown that elevated levels of CO, did not alter the time required for plants to reach a water
stress threshold during drought conditions (Gattmann et al., 2021). Additionally, nutrient limitations such as
phosphorus may hinder the growth response to elevated CO, levels. However, these limitations can also result in
reduced water consumption during the wet season, benefiting productivity in the dry season to some extent (Goll
et al., 2018). Therefore, it remains to be seen whether the stress alleviation of tree dieback resulting from elevated
CO, levels will persist over the long term. This could be tested through ongoing observation treatments, such as
the Amazon FACE experiment.

The tree mortality risk is modulated by soil texture, where sandy soil tends to show greater resilience and
resistance than that of clay soil (Longo et al., 2018). Yet, in reality soil texture also affects the nutrient availability,
drainage state, and thus the biomass growth rates. For example, sand-rich soil performs poor in retaining nutrients,
but such soil can be naturally selected for slow-growing trees that may invest more carbon into preservation of
hydraulic safety (Oliveira et al., 2019). With regard to the anticipation of the future drought sensitivity, plant
water use strategies determined by hydraulic traits and soil texture should be included in models for improving the
knowledge of forest response since soil hydraulics can also determine the degree of isohydricity (Javaux &
Carminati, 2021).

4.2. Asymmetry of Net Biomass Change Between Wet and Dry Conditions

A difference in sensitivity between wet and dry conditions was found in our simulations, as evidenced by the net
biomass change in wet extremes versus dry extremes as shown in Figure 8. Such nonlinear relationship between
net biomass changes and climate anomalies implies that carbon loss induced by a drought year is hardly
compensated by gains from wet extremes, namely, a negative asymmetry. It should be noticed that the possible
negative effects from wet events of unexpected flood can trigger carbon source as well, which has not been
included in the model. Theoretically both dry and wet extremes impose negative effects on tree growth and
mortality rate can thus be elevated in both cases. However, the sequential occurrence of wet and dry extremes can
buffer their respective adverse effects, which is modulated by the water table depth or namely local soil hy-
drologic condition (Esteban et al., 2021). Drought events lead to tree dieback and recovery may be slowed down
due to incomplete recovery in hydraulic transport system or nonstructural carbohydrate reserves. Conversely, wet
years without disturbances can contribute to more growth without a positive legacy effect. The forest's nonlinear
response to precipitation anomalies can be influenced by various factors, including the duration of events (Felton
et al., 2021) and nutrient limitations (Goll et al., 2018). The debate over whether legacy effects or compensatory
effects have a more significant impact on the forest's response remains unresolved and calls for further evidence
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from field measurements or satellite detection. The results of such research can then be incorporated into process-
based models to benefit our understanding of the forest's complex response to changing environmental conditions.

4.3. Limit of the Current Approach and Perspective for Improving Projections
4.3.1. Legacy Effects After Drought

Legacy mortality effects from drought are not captured by Earth System Models (Anderegg et al., 2015), although
satellite products confirmed their existence in the Amazon, like a decline in carbon sink several years after the
drought (Tao et al., 2022; Yang et al., 2018, 2022). Accumulative metrics or variables with a memory effect
should be analyzed to understand legacy tree growth in model simulation. Besides, acclimation to warmer or drier
condition should be also considered as another aspect of legacy. Ignoring the adaptation mechanism would
underestimate the ecosystem resilience (Singh et al., 2022), which is the characteristic with the lowest recovery
pace after disturbance (Poorter et al., 2021).

4.3.2. Hydraulic Traits

Uncertainty of the modeled drought-induced mortality risk also arises from our setup of constant hydraulic traits
for one plant functional type describing all intact rainforests. In other words, in our model, plant water regulation
does not have spatial or temporal variation. Both intra- and inter-species variation of hydraulic traits exist and
temporal shift of trait also occurs depending on surrounding hydric condition. The Caxiuana study found that
resistant species had more negative W5, value and were less vulnerable to the water stress (Rowland et al., 2015).
The growth of hydraulic-stressed trees was more affected by their hydraulic traits rather than by their allocation-
related traits (Rowland et al., 2021). Variation of hydraulic traits is also linked to ecosystem community
composition (Lourengo Junior et al., 2022). Therefore, more comprehensive plant trait data could be assimilated
into a model like ORCHIDEE-CAN-NHA to define a more realistic hydraulic response, for example, starting
with isohydric or anisohydric characteristics.

We acknowledge that the uncertainties associated with future climate signals and in the sensitivity of forest
response both affect the spread of biomass change projections. Including new processes in process-based models
like drought-induced tree mortality, which are very sensitive to extreme events, increases the uncertainties in
vegetation model response to climate change. Huntingford et al. (2013) found that it is the physiological processes
of DGVMs, or namely the implicitly-formulated sensitivity, rather than uncertainties among climate projections,
that dominated the uncertainties in future carbon storage trajectory. To further clarify the impact of drought on
Amazon intact forests, more collaboration between experimentalists and modelers remains necessary, with
ground-based truth of field campaigns, and inventories data collected during and after droughts. Considering the
projected increase in the intensity and frequency of drought events in the 21st century and possible concurring tree
mortality, strategies should be developed and implemented to manage risks and improve the ecosystem adaption
capacity.

5. Conclusion

A process-based model incorporating plant hydraulics, self-thinning mortality, and drought-induced tree mor-
tality, ORCHIDEE-CAN-NHA, was forced by historical climate reconstruction and bias-corrected future climate
forcing from ISIMIP-2 program to predict the future biomass carbon dynamics and tree mortality risk over the
Amazon rainforest. The future climate evolution in Amazon shows a widespread warming trend, although its
magnitude varies among climate models. A pronounced increase in the maximum cumulative water deficit
(MCWD) is also found, but different regional patterns emerge from the four climate models. The only consistent
pattern observed across various climate models for MCWD is a drier trend in the northeastern Amazon region.
Among the models, the simulation forced by the HadGEM climate model in the RCP8.5 scenario showed the most
pronounced drying in the eastern and northeastern Amazon regions, indicating a tipping point where the carbon
sinks in the Guiana Shield and East-central Amazon could turn into carbon sources by the middle of the 21st
century. Such transition from sink to source also appears in Brazilian Shield after around 2060. This study makes
an important step forward by providing a spatial image of the likelihood of drought risks and predicting the
evolution of future Amazon rainforest net carbon balance, by resorting to a well-calibrated model that in-
corporates hydraulic failure induced tree mortality, and subsequent recovery from demographic processes,
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