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Abstract

The Amazon rainforest is highly biodiverse and has the largest extent of the remaining intact
tropical forests in the world. To this day, undisturbed tropical forests act as a carbon sink by taking
up about 15% of anthropogenic carbon emissions per year. However, in the past decades, a
declining trend in the carbon sink capacity in the Amazon rainforest has been observed due to
increased carbon losses and tree mortality. The causes are disputed, but increasing temperatures
and more frequent severe droughts are potentially major drivers. We employ a novel modeling
framework and hypothesize that previously rare, extreme droughts in the Amazon, such as the
ones in 2005 and 2010, constitute the main cause behind the decline of the net carbon sink in
aboveground biomass. Our dynamic vegetation model simulates process-based plant hydraulics
and drought-induced mortality, and accounts for the diversity of strategies in plant responses to
drought based on observed hydraulic vulnerability curves. The simulated impact of the 2005
drought event temporarily turned the annual Amazon net carbon sink to a carbon source of about
0.25Mg Cha™" . In contrast to other dynamic vegetation models our model simulated an
increasing trend in carbon losses and a declining trend in the Amazon carbon sink over the past
25 years (net sink rate of —0.015 Mg Cha™'year™! or —0.18 Mg Cha™" per decade) which
corresponds well with long-term forest monitoring data (net sink rate of —0.016 Mg
Cha™'year™!). We show that this trend is entirely attributable to drought-induced forest mortality
during extreme years. The simulations show a threshold-like behavior between drought intensity
and biomass loss, which is due to xylem vulnerability, indicating the potentially high sensitivity of
Amazon forests to extreme drought. Further increases in the severity and frequency of droughts
might thus lead to greater carbon release and tree mortality than previously assumed.

1. Introduction (Brienen et al 2015, Hubau et al 2020). However,

observational data indicate that this sink is declin-
Over the past decades, undisturbed forests in the ing (Brienen et al 2015, Hubau et al 2020) and that
Amazon basin rendered a net carbon sink in its the Amazon rainforest may turn into a carbon source
aboveground biomass (AGB), indicating greater car- by 2030 (Hubau et al 2020). Several mechanisms
bon uptake by photosynthesis than carbon losses explaining the declining sink are being discussed,

© 2024 The Author(s). Published by IOP Publishing Ltd
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for example, increased atmospheric CO, concentra-
tion inducing greater growth rates but also greater
carbon losses (Bugmann and Bigler 2011, Quesada
et al 2012, Hubau et al 2020) or increasing fre-
quency and intensity of extreme climate events, such
as droughts, leading to reduced carbon gains and
increased losses (Yang et al 2018). Locally, extreme
drought events have been observed to lower forest
productivity and increase tree mortality and carbon
losses, whilst regionally severe droughts such as the
ones in 2005 and 2010 have turned the Amazon car-
bon sink into a temporary carbon source (Lewis et al
2011, Feldpausch et al 2016). However, the role of
drought stress in the long-term decline of the Amazon
carbon sink is still unclear.

Process-based modeling offers the possibility to
mechanistically attribute cause. Earth system models
exhibit significant variability in their simulations of
the tropical carbon sink (Koch et al 2021), potentially
caused by factors such as different process repres-
entations, no consensus on how the species diversity
can be condensed into plant functional types (PFTs),
and the challenge of simulating tropical precipitation
patterns (Fiedler et al 2020). However, most models
project a continuous increase in the tropical carbon
sink in the future, mainly due to plant-physiological
effects of increased atmospheric CO, concentrations
(Huntingford et al 2013, Koch et al 2021). CO, fer-
tilization on carbon gains, albeit limited by nutri-
ent availability in some models (Fleischer et al 2019),
outweigh negative climate impacts in future simula-
tions (Arora et al 2020) and the simulations show
no increasing carbon losses compared to the observa-
tions (Koch et al 2021). The unrealistic representation
of forest drought response in process-based vegeta-
tion models may lead to this mismatch. This is exem-
plified by an ensemble of vegetation models that failed
to reproduce drought-induced tree mortality from
two throughfall exclusion experiments (TFEs) in the
Central Amazon basin (Powell et al 2013). Recent res-
ults indicate that failure of the plant hydraulic sys-
tem is directly associated with tree death in many eco-
systems (Rowland et al 2015, Hammond et al 2019),
however, only very few models link plant hydraul-
ics directly to mechanisms of death in models (Fang
et al 2022). Recent model improvements based on
new theories and more detailed implementation of
plant hydraulics provide avenues for simulating plant
responses to drought stress (e.g. Xu et al 2016, Eller
et al 2018, Kennedy et al 2019, De Kauwe et al 2020,
Yao et al 2023).

Despite having often been associated with one of
the key mechanisms leading to death under drought
stress, particularly in the Amazon basin (Rowland
et al 2015), mortality related to hydraulic failure
is not considered by the standard version of LPJ-
GUESS and only by very few other published dynamic
global vegetation models (DGVMs) at the current
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time (Fang et al 2022, Yao et al 2023). Most other
DGVMs only indirectly simulate mortality associated
with drought stress: plant stomatal closure min-
imizes water loss but also carbon uptake. In turn,
overall growth is reduced and models implement
an empirical relationship that increases mortality
when growth is reduced (e.g. (Smith et al 2014)).
Traditional DGVMs often include only a single ever-
green and a single raingreen tropical PFT, differing
primarily in their leaf habit parameterization (Smith
et al 2014). This simplification may be insufficient
to capture the complexity of tropical ecosystems,
especially under drought conditions. The large vari-
ety of functional strategies among tropical tree spe-
cies can buffer responses to drought (Anderegg et al
2018). Site-level observations suggest a wide range
of hydraulic strategies across Amazonian tree spe-
cies, including different tolerances of the xylem to
low stem water potentials (supporting figures 1 and 2,
(Oliveira et al 2019, Bittencourt et al 2020)) and dif-
ferent strategies for maintaining or reducing transpir-
ation under drought (Garcia et al 2021). The diversity
of functional hydraulic strategies is expected to lead to
more nuanced impacts of extreme drought.

Here, we use the dynamic vegetation model LPJ-
GUESS that combines a detailed representation of
vegetation dynamics and ecosystem biogeochemistry
and has been widely tested (Smith e al 2014, Pugh
et al 2019, Terrer et al 2021, Ddscher et al 2022).
We extend LPJ-GUESS by introducing a novel plant
hydraulic architecture that links plant responses to
drought, from reduced photosynthesis to tree mortal-
ity from hydraulic failure, termed LPJ-GUESS-HYD.
We model the role of plant diversity by simulating
an ensemble of 37 individual plant water-regulation
strategies (PWS) based on available xylem vulnerab-
ility data (pairs of 95y and g from (Oliveira et al
2019, Bittencourt et al 2020)), diverse stomatal beha-
vior in response to drought stress (Papastefanou et al
2020), and other hydraulic trade-offs (see supporting
table 1, methods and supporting methods 6).

2. Materials and methods

2.1. LPJ-GUESS standard model description

The DGVM LPJ-GUESS simulates the exchange of
water, energy, carbon and nitrogen between the land
and atmosphere. The model has been applied for
numerous regional (e.g. Dass et al 2018, Bastos et al
2020) and global simulation studies (e.g. Pugh et al
2019) and is capable of predicting functional, com-
positional, and structural properties of ecosystems
of the major climate zones of the Earth (Smith
et al 2014). LPJ-GUESS features individual-based
vegetation dynamics (GUESS: General Ecosystem
Simulator, Smith et al 2001) accounting for growth,
mortality, and other processes of individual age
cohorts of trees.
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In the standard version of LPJ-GUESS (v4.0) a
maximum conductance of the canopy in absence
of water stress is estimated assuming full stomatal
opening, based on daily CO,, daylight, and short-
wave radiation (Smith et al 2014). The conductance
of the canopy controls the calculation of photosyn-
thetic carbon uptake. For simulating transpiration,
the model estimates a patch-specific water demand
based on equilibrium evapotranspiration (Haxeltine
and Prentice 1996). The patch-specific water demand
needs to be supplied from water in two soil layers.
If the available soil water does not meet the water
demand, canopy conductance for photosynthetic car-
bon uptake is downregulated following an empir-
ical hyperbolic relationship (Haxeltine and Prentice
1996, Huntingford and Monteith 1998). In the cur-
rent implementation the rooting depth distribution is
fixed to 60% of the fine roots in the top 50 cm of the
soil and 40% between 50 cm and 150 cm of soil depth.
Transpired water is then taken out of each soil layer
weighted by the fraction of fineroots in each layer.
Standard LPJ-GUESS includes multiple additive mor-
tality mechanisms for trees, including, a patch des-
troying disturbance, a mortality mechanism associ-
ated with fire, a bioclimatic limit mortality (prescrib-
ing the low temperatures limits within a given PFT
can survive), a background, longevity-based mor-
tality (Pugh et al 2020), and a growth-efficiency
based mortality. Only the fire-related and growth effi-
ciency mortality can be dynamically linked to drought
stress.

The standard version of LPJ-GUESS does not sim-
ulate individual plant species, but PFTs that reduce
the complexity of species diversity in ecological func-
tion to a few plant types (Bonan 2002). In the tropics,
three tree PFTs are simulated, which differ in their leaf
physiology and their levels of shade tolerance (Smith
et al 2014). The growth efficiency mortality of stand-
ard LPJ-GUESS increases a PFT’s chance of death if
the growth rate (mainly net primary productivity) is
lower compared to the previous five years. Such lower
growth rates can e.g. be caused by an overshadow-
ing by other individuals or by a reduced canopy con-
ductance due to drought stress. Productivity is usu-
ally accumulated throughout the year and growth and
mortality are only once evaluated, at the end of each
calendrical year. Therefore, low productivity of a tree
during a drought event can be offset by higher growth
during the wet season, if both happening during the
same year, so that the standard version potentially
underestimates the impact of interannual variation in
climate from e.g. shorter drought events.

2.2. Plant hydraulic architecture implementation

LPJ-GUESS-HYD builds on standard LPJ-GUESS
incorporating a plant hydraulic architecture includ-
ing a new hydraulic failure based mortality mech-
anism. LPJ-GUESS-HYD also extends the concept
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of PFTs from LPJ-GUESS to plant water-regulation
strategies (PWS) which diversify the existing LPJ-
GUESS PFTs into a range of strategies based on addi-
tional traits related to plant hydraulics. These para-
meters are described in section ‘Model input and
parameterization’. Since fire is rare in undisturbed
moist tropical forests (Andela eral 2019, Lietal 2019),
we disabled it in our simulations.

The hydraulic implementation of LPJ-GUESS-
HYD splits into four different compartments: (1)
The soil, leaf and xylem water potential are estim-
ated based on soil water content and a dynamic
approach considering different hydraulic strategies.
(2) Hydraulic resistances of roots, stem, and leaves
are derived with water potentials and sapwood viscos-
ity. (3) Following Darcy’s law and the supply-demand
theory a canopy conductivity g¢ is derived using (1)
and (2). (4) The total evapotranspiration flux Ey, is
estimated based on the Penman-Monteith equation
using gc¢ from (3) and a simple energy-atmosphere-
balance model including aerodynamic conductance
and leaf temperature. Each of the four compartments
will be explained in the following sections.

2.2.1. Water potential dynamics

Soil water potential ¢); [MPa] is derived upon an
empirical relation from soil water content ¢ and clay-
and sand-fraction according to Saxton et al (1988).
This relationship also requires a minimum soil water
potential at which plants permanently wilt, which we
assume to be —3.5 MPa (Hickler et al 2006). For each
of the soil layers i in LPJ-GUESS a soil water potential
s, [MPa] is estimated and subsequently weighted
with a plant specific rooting depth parameter r; [-]
(Hickler et al 2006). The resulting s across the soil
layers is estimated as:

U= Wien (1)

Leaf water potential v [MPa] is estimated based on
an empirical and dynamic approach by solving the
model from Papastefanou et al (2020):

(Nt - A) @

where A [-] reflects the plants’ water potential reg-
ulation mechanism and Ay, [MPa] the difference
of s —11 under non-stress conditions (s~ 0).
o [d™!] is a rate parameter that describes the adjust-
ment speed of 1, to changes in 1)s. We use the daily
version of LPJ-GUESS for which the rate parameter
can be neglected and hence we set o = 1d~! for this
study. The above equation is specially designed to
capture leaf water potential dynamics under drought
stress. A and Ay, can both be estimated with time
series consisting of predawn and midday leaf water
potential (Papastefanou et al 2020). Xylem water
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potential follows an empirical relationship based on
Fisher et al (2006):

¢x:b'(ws*wL)+¢s (3)

where b [-] is an empirical parameter. According to
the analysis of Fisher et al (2006), b ranges from 0 to
0.2 and is thus much closer to s under non-stressed
and between 0.5 and 0.9 closer to v, under drought
conditions. In the current implementation, we set
b=0.5.

2.2.2. Hydraulic resistances and cavitation

The total hydraulic resistance of a plant is split into
three compartments, leaf resistance Rp, shoot or
xylem resistance Rg and root resistance Ry, all in
m>*MPaskg ™. Each of the resistances are calculated
based on the respective water potential including a
specific hydraulic failure caused loss-of-conductivity.
Resistance equations are adapted from (Hickler et al
2006) and modified, introducing next to xylem cavit-
ation kg [-], also leaf and root cavitation 1, [-] and kg
[-], respectively. We assume that roots are equally vul-
nerable to hydraulic failure compared to the xylem,
and leaves are approximately twice as much vul-
nerable as the xylem (t50 jear = 0.5 - 950, equal slope
parameter, Aroca 2012). Plants do not have an act-
ive repair mechanism of xylem embolism, instead, we
assume that freshly allocated sapwood is not cavit-
ated and has no loss of conductivity, hence the loss-
of-conductivity of the total sapwood reduces when
fresh sapwood is allocated. Root- and leaf cavitation
are assumed to be repaired instantaneously on a daily
basis, whereas xylem cavitation can only be repaired
during the allocation process; once at the end of each
calendrical year. Sapwood resistance is calculated as
in Hickler et al (2006):

_ h-ns
kS,max : (1 - K:S) 'AS

R (4)

with ks max [m~'s7!MPa~'kg]: maximum sap-
wood conductivity, ks: sapwood loss of conductivity,

As [m?]: sapwood area, h [m]: tree height, 75 [-]: vis-
cosity of the sap flow. Leaf resistance is estimated as:

1

R —
L ki max - (1 — K1) - fpc

(5)

with ki max [m~!'s7'MPa™'kg]: maximum leaf con-
ductivity, fpc [-]: foliage projective cover, r, [-]: leaf
loss of conductivity. Root resistance is calculated as:

7]R

RR=—"7—"—
kR,maX : (1 - HR)

(6)

with kg max [s~'MPa~!]: maximum root conductiv-
ity, kr [-]: root loss of conductivity, 7 the viscosity
of the root sap. Each loss of conductivity x of each
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of the three compartments (ks, kL, kR) is calculated
according to a polynomial response curve (Santiago
et al 2018):

(1) : —— %

’ d
R
1+ (’%0)

with 159 (MPa): water potential at which 50% of the
compartments (leaves, roots, stem) conductivity is
lost and d[-]: a slope parameter, both defined on a
species or PWS level. We assume that xs, x1 and kg
depend on 1)y, ¥ and g, respectively. We paramet-
erize each slope d on 159 and 1)ss:

_log(0.88)
log (%)

2.2.3. Hydraulic failure based mortality

We introduce a new tree mortality probability my
related to hydraulic failure based on the loss-of-
conductivity of the stem k. The relation between
and kg is modeled using a Weibull relation reparamet-
rized from Hammond et al (2019):

my (1s) = 1 — exp (— (;’fs)d> (9)

with f,, =0.85 and d,, = 8.0, both dimensionless.
This relationship shows mortalities close to zero for
values of kg lower then 50% loss of conductivity,
but then rapidly rises to mortality probabilities over
50% once 80% of conductivity is lost. While this
relationship was derived from gymnosperms, it is in
agreement with other empirical studies showing that
roughly 88% loss of conductivity is lethal for wide
range of angiosperms (Barigah et al 2013, Urli et al
2013). Hence, we decided to use this parameteriza-
tion of f,; and d,; for each of our PWS. Furthermore,
we also include parameters f, and d,; in our sensitiv-
ity study (supporting figure 3).

d= (8)

2.2.4. Canopy conductance

Canopy conductance gc is calculated via Darcy’s law
assuming that water flow J [kgs~'m 2] from soil via
roots, shoot and leaves to the atmosphere balances the
imposed transpiration flux Ejyp [kgs™'m™?] (Jarvis
and McNaughton 1986, Martinez Vilalta et al 2014,
McDowell et al 2016). The water flow J is estimated
according to Whitehead (1998):

Ay Ys—t¢L—p-g-h

] = = (10)
Rrotal Ry +Rs + Rp

and the imposed transpiration flux Eiy,, on foliage
projective cover basis:

Eimp = gc- VPD. (11)



10P Publishing

Environ. Res. Lett. 19 (2024) 124072

Assuming J=E,, we can solve for gc
[kgs~'m—2kPa™']:

J

8c
To avoid the overestimation of g¢ under non-drought
conditions we estimate the non-stressed canopy con-
ductance g¢c based on the non-stressed photosynthesis
(assuming stomates fully opened) and estimate the
final canopy conductivity as max (gc,gc), Following
our approach, we only consider VPD affecting g¢
assuming gc ~ > hence neglecting the effect of
VPD on leaf water potential .

2.2.5. Evapotranspiration

To estimate the total evapotranspiration Esx
[kgs~'m~2] we need to consider both imposed- and
equilibrium evapotranspiration fluxes, Eiynp and Eq
using the instructive form of the Penman-Monteith-
equation (Kostner et al 1992):

Es = Eeq- Q2+ Eimp - (1 —2)) (13)

where ) [-] is a dimensionless factor that describes
the coupling between the canopy and the atmosphere.
Q) can be estimated as Kostner et al (1992):

1+e€

“irerE (1)
with € [-]: change of latent heat relative to the change
in sensible heat of saturated air, g4 (ms™!): aerody-
namic conductance. The equilibrium evapotranspir-
ation Eq is an already established part of LPJ-GUESS
(Whitehead et al 1984, Colin Prentice et al 1993,
Smith et al 2001) used to calculate the water demand
of the plant in the standard model. Aerodynamic con-
ductance g4 depends on multiple factors including
wind speed and leaf temperature. It can be included
into a DGVM using a coupling to an atmospheric
model. We adapt the approach of Leuning (1995)
to estimate g4. Total evapotranspiration Ex, aero-
dynamic conductance g4 and leaf temperature Ty,
[K] form a circular dependency which we solve by
recursively iterating over Ex, Tt and g4 starting with
an initial g4 =40 mm s~! following (Arneth et al
2007).

2.2.6. Model input and parameterization

We applied our model to the Amazon Basin as
delineated by the Amazon river drainage (based on
(Doll and Lehner 2002), figure 1 at 0.5°x 0.5°
gridded resolution. In this study, we use GLDAS
2.0 (Rodell et al 2004) as climate forcing data-
set as it provides all necessary forcing variables for
LPJ-GUESS-HYD: Precipitation, near-surface tem-
perature, shortwave radiation, vapour pressure defi-
cit (derived with specific humidity and atmospheric
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pressure, or from relative humidity) and wind speed.
To account for potential bias of the forcing dataset, we
reran our model using an additional forcing dataset
WATCH_WFDEI (Weedon et al 2011) which covers a
similar time span.

In the simulations, we introduce 37 hydraulic
plant water regulating strategies (PWS) based on the
tropical broad-leaved evergreen PFT, TrBE (Hickler
et al 2006, Smith et al 2014). A PWS extends a
PFT by six additional parameters that describe: the
hydraulic water potential regulation (parameters A
and Ay, see section 2.2.1), the maximum hydraulic
conductivities of roots, stem and leaves, and stem
hydraulic vulnerability curves defined by the water
potentials of 50% and 88% loss of conductance, 159
and 1)gg, respectively. Hydraulic vulnerability curves
were selected as pairs of 159 and g3 from observa-
tions from two experimental sites and other literat-
ure sources on tropical vegetation (Barros et al 2019,
Oliveira et al 2019, Bittencourt ef al 2020; supporting
methods 6).

We analyzed correlations of plant traits at the
species level using values from the TRY-Database
(Kattge et al 2020) and extended sources (supporting
methods 6). These data showed that 15 is positively
correlated with two other parameters: SLA (specific
leaf area) and kg (stem hydraulic conductivity) (sup-
porting figure 4). Phenomenologically, these empir-
ical relationships can be motivated with plants that
invest into a more robust xylem (lower 1s;) trade
this robustness off into less well conducting tissues
(lower ks), however, do also leave their stomates open
for longer under drought stress (lower A). In con-
trast, plants that are more vulnerable to drought stress
(higher 1s50) have less robust tissues that can con-
duct water better (higher ks), but therefore have to
close stomates earlier under drought stress (higher
A). Higher specific leaf area means that more carbon
per leaf needs to be invested which could be attrib-
uted to more robust leaves that are necessary to main-
tain water transport with the more drought resistant
xylem tissues (lower ¢50).

We used these empirical relationships between
1so and ks, and 15y and SLA to interpolate ks and
SLA based on sy for each of our 37 PWS (sup-
porting table 1). Based on the range of hydraulic
strategies from Papastefanou et al (2020) we selec-
ted the entire gradient between isohydrodynamic and
isohydric parametrizations as that best reproduces the
field observations on water potential dynamics across
different functional types and biomes (supporting
table 1). Each of the 37 hydraulic PWS was run in
isolation, without direct competition from other tree
strategies, but including C3- and C4-grasses based
on standard LPJ-GUESS parametrization (Smith et al
2014). All 37 PWS were simulated in each grid cell
across the Amazon basin.
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Figure 1. Spatial patterns of drought stress and impacts of 2005 and 2010 on the Amazon basin. Climatological drought stress is
estimated as the maximum cumulative water deficit (MCWD) for 2005 (a) and 2010 (b). Impacts of the two drought events on
simulated woody aboveground biomass (AGB) when using LPJ-GUESS-HYD (c¢), (d) and standard LPJ-GUESS (e), (f). The
impact is calculated as median change in AGB over all PWS from 2004 to 2005 and 2009 to 2010, respectively. The green dots are
the locations of the inventory plots from Brienen et al (2015).

2.3. Modeling protocol

we used the three tropical PFT-parameterizations

Both the standard version of LPJ-GUESS and the
new hydraulics version (LPJ-GUESS-HYD) have been
applied independently to the 1946 grid cells repres-
enting the Amazon basin using the two forcing data-
sets GLDAS 2.0 (main analysis) and WATCH_WFDEI
(supporting analysis). We applied 1500 years of veget-
ation spinup where we randomly recycle the climate
forcing of the first 30 years from the input dataset.
We further set a disturbance interval, that is, one
over the probability that the vegetation of a forest
patch in model is completely erased, to be 1000
years (Pugh et al 2020). With standard LPJ-GUESS

of Smith et al (2014). With LPJ-GUESS-HYD we
used the PWS parametrizations introduced in this
study. For the standard LPJ-GUESS, all three PFTs
competed against each other for light and nitro-
gen, consistent with previous studies (Smith et al
2014). Both model versions were also conducted
with nitrogen cycling enabled. CO, forcing was set
to dynamic which means that the CO, concentra-
tion of the simulation steadily increased according
to the measured average annual concentrations and
was set to 278 ppm during the spinup before the year
1765.
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2.4. AGB anomaly calculation

LPJ-GUESS does not differentiate between above-
and belowground woody biomass. Therefore, we use
an empirical relationship to distribute modeled veget-
ation carbon into belowground biomass (BGB) and
AGB (Saatchi et al 2011):

BGB = 0.489 - AGB®® (15)

with AGB and BGB both in Mg dry mass ha~'. We
used a factor of 0.5 to convert from dry mass ha™"' to
carbon dry mass ha™'. The AGB anomaly of each year
was then calculated as the change from the mean AGB
over the baseline period from 1984 to 2010. We fur-
ther applied this relationship to estimate the amount
of sapwood that is invested into above and below-
ground, and to partition carbon losses between above
and belowground carbon.

2.5. MCWD anomaly calculation and drought
classification

As a drought indicator, we applied the maximum
cumulative water deficit MCWD based on Aragao
et al (2007). We computed this drought index sim-
ilarly to Lewis et al (2011) by accumulating the differ-
ence between monthly precipitation and evapotran-
spiration (ET). MCWD was calculated for the hydro-
logical year (from October of the previous year to
September of the succeeding year) for accumulating
water deficit. For deriving the MCWD anomaly for
2005 and 2010 we calculated the mean MCWD for
the ‘baseline’ period from 1984 to 2010 and subtrac-
ted the baseline period from the values of 2005 and
2010, respectively. For the calculation of MCWD we
set value ETfyeq = 100 mm month ™' (Aragao et al
2007), which enables comparison to the empirical
study of Phillips ef al (2009) used in figure 2. Similar
to Lewis et al (2011) we defined an MCWD anomaly
< —25 mm as moderate drought stress because at this
level, tree mortality already significantly increased in
the inventory plots. We further defined an MCWD
anomaly of < —120mm as severe and an MCWD
anomaly < —200 mm as extreme drought stress.

2.6. Statistical analysis

We apply simple linear regression analysis to estimate
the trends of carbon gains, carbon losses and, and net
carbon balance, i.e. carbon sink or carbon source for
each of the simulations of the 37 PWS. We average
across the 37 PWS by weighting the contribution of
each PWS to, for example, overall carbon and water
fluxes, by its AGB. When comparing the relationship
between the anomalies of MCWD and AGB we fit a
three parameter exponential model:

AGBanomaly = — exp (a - MCWDanomaly + b) + ¢
(16)

against the modeled (MCWD, AGB) anomaly points.

7

P Papastefanou et al

2.7. External data sources

The relationship between AGB anomaly and MCWD
anomaly was digitized from figure 2(A) from
Phillips et al (2009). TRENDY version 10 model
output was obtained from the Global Carbon
Budget (Friedlingstein et al 2022). We converted the
TRENDY output variable cVeg to AGB and AGB
anomaly following the procedure of section 2.4.
Observational trends in carbon losses, gains and
net sink were obtained from the source data of
Hubau et al (2020). We evaluate our modeled AGB
against estimates from inventories from Avitabile
et al (2016). We also compare modeled AGB against
basin-wide estimates based on vegetation optical
depth (VOD) using the ABC dataset (Liu et al 2015).
Furthermore, we also compare modeled anomalies
in AGB with anomalies in VOD using the VODCA
dataset (Moesinger et al 2020). Data sources used to
derive our 37 PWS are described in the supporting
methods 6.

3. Results and discussion

3.1. Impact of the 2005 and 2010 extreme drought
events

The drought epicentre in 2005 was located in the
central-western part of the Amazon basin, which was
characterized by a particularly large maximum cumu-
lative water deficit (MCWD) (figure 1(a), Phillips et al
2009, Papastefanou et al 2021). LPJ-GUESS-HYD
simulations reproduced the observed AGB loss but
not the standard version of LPJ-GUESS (figures 1(c)
vs. (e)) despite higher overall biomass of the stand-
ard version prior to the drought event (supporting
figure 5). Similarly, to standard LPJ-GUESS most
state-of-the-art dynamic vegetation models do not
show spatial patterns associated with drought stress
(e.g. DGVMs in the TRENDY (Friedlingstein et al
2022) ensemble, see supporting figure 6). Simulating
the drought of 2005 using LPJ-GUESS-HYD indic-
ated an average carbon loss of 0.29 MgCha ™ 'yr~" for
the 37 PWS (Quartiles: [—0.99, 0.01], figure 1(c)).
Simulated carbon gains of LPJ-GUESS-HYD are sim-
ilar during the 2005 drought year compared to
2004 and 2006 and feature plausible values accord-
ing to long-term inventory plots (Phillips et al
2009). Carbon losses are higher in 2005 (mean
2.9 MgCha_lyr_1 (Quartiles: [2.4, 3.5]; 2004 and
2006: 2.4 MgCha™'yr~')). Empirical studies gener-
ally support the strong impact of the drought in 2005
on the net carbon sink, but they disagree on whether
the drought turned the Amazon basin from a sink into
a source (Phillips et al 2009, Feldpausch et al 2016).
According to our novel modeling approach, mortal-
ity related to low-growth and mortality related to
tree age contribute about 30% and 40%, respectively,
while hydraulic-failure induced mortality accounts
for about 30% of the total carbon losses overall (sup-
porting figure 7). This is in qualitative agreement
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Figure 2. Relationship between drought (MCWD anomaly) and changes in simulated aboveground biomass (AGB anomaly)
during the 2005 drought. (a) Blue points are the modeled responses of AGB to drought stress using the new hydraulics framework
(LPJ-GUESS-HYD) with different drought intensities in 1946 grid cells covering the whole Amazon basin and averaged over the
37 plant water-regulation strategies (PWS). Black points are observational data from Phillips et al (2009). Brown error bars are
estimates based on the Caxiuana drought experiment: AGB anomalies are derived from and MCWD anomalies from the
precipitation data from Powell et al (2013) (see also Methods S3). Red boxplots are derived from LiDAR estimates from Yang et al
(2018) (see also Methods S4). The blue solid line shows an exponential model fitted through the modeled points and blue dashed
lines are the 0.95 confidence bands. Purple lines and points are similar to blue points using standard LPJ-GUESS instead. The
confidence bands of standard LPJ-GUESS lie outside of the area plotted and are therefore only partly visible (see supporting figure
20 for the full range). (b) Individual plant water strategies (PWS) shown by the solid colored lines. Each line represents the
exponential model (y = —exp (a - x+ b) + ¢)) fitted to the individual PWS. The color gradient indicates the 159 of each

individual PWS.

with empirical studies that emphasize the greater
role of hydraulic-failure-induced mortality in tropical
forests under drought stress instead of carbon starva-
tion (Rowland et al 2015).

Similarly for the 2010 drought, studies based
on inventory plots disagree whether the Amazon
basin was a net carbon sink or source (Lewis et al
2011, Feldpausch et al 2016, Hubau et al 2020).
LPJ-GUESS-HYD simulates a weak carbon source
in 2010 across the Amazon basin (figure 1(d))
and in the subset of gridcells corresponding to the
inventory plots (supporting figures 8(a) and (b)).
The weaker impact of the 2010 drought in the
south-eastern Amazon basin compared to the 2005
drought in central Amazonia in the model is due to
more drought-resistant PWS dominating these drier

areas (figures 1(b) and (d)). Furthermore, while the
extreme drought events in the Amazon rainforest are
often linked with the recurring sea surface temperat-
ure anomalies in the Atlantic ocean, the spatial and
temporal manifestation of the drought events (e.g.
2005 and 2010) can be quite different (Lewis et al
2011, Marengo et al 2011). This, so far, has made
quantifying drought stress (e.g. when expressed as
MCWD anomaly) and its impact on AGB difficult
to detect in observational studies and a consistent
relationship between MCWD and AGB has not been
found across different drought events (Feldpausch
et al 2016). Our modeling study using the LPJ-
GUESS-HYD versions, however, found consistent
relationships between different drought indicators
and AGB anomalies across different drought years,
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albeit these were somewhat weaker in non-drought
years (supporting figure 9). Similar to (Feldpausch
et al 2016) we find a weak relationship between neg-
ative AGB anomalies and MCWD anomaly in 2010
(supporting figure 9(d)) and with VOD anomaly
(supporting figure 10).

Levels of drought stress (MCWD anomaly) in
the year 2005 featured a strong non-linear relation-
ship with simulated net change in AGB (anom-
aly, figure 2) that matches with observed relation-
ships derived from long-term forest inventory data
(Phillips et al 2009), LiDAR based drought impacts
(Yang et al 2018) and extreme drought stress based
from rainfall exclusion experiments (Nepstad et al
2007, Rowland et al 2015) (figure 2(a)). LPJ-GUESS-
HYD also supports the observed relationship when
evaluating at the forest inventory sites of (Phillips
etal 2009) (supporting figure 11). The version of LP]-
GUESS without plant hydraulics showed no relation-
ship between the AGB anomaly and MCWD anom-
aly, inconsistent with observations from (Phillips et al
2009) (figure 2(a)).

While the relation between the AGB and MCWD
anomalies in the inventory data is limited to ‘severe’
drought stress (i.e. when the MCWD anomaly is equal
or less negative than -120 mm, (Phillips et al 2009)),
our dynamic modeling approach allows assess-
ment of extreme drought stress (e.g. MCWD anom-
aly < —200 mm). AGB responses to such extreme
drought stress have only been measured in two trop-
ical rainfall exclusion experiments (Nepstad et al
2007, Rowland et al 2015) and our model generates
similar dynamics compared to the observed biomass
losses (supporting figure 12). Under such extreme
drought stress, the non-linear relation between the
AGB anomaly and the MCWD anomaly becomes
apparent and the AGB anomaly increases roughly
three-fold from MCWD anomalies of —120 mm
to —200mm (figure 2(a)). This property of the
hydraulic model is in agreement with the dispropor-
tionate rise in tree mortality under extreme drought
stress observed in empirical studies (Meir et al 2015,
Rowland et al 2015, Arend et al 2021). The model
thus points to a threshold-like behavior of Amazon
vegetation productivity under extreme drought,
which are anticipated to become more intense
and more frequent under climate change (Hirota
etal 2011).

The hydraulic strategy adopted by a tree is fun-
damental in its response to drought. Key aspects
of the hydraulic strategy are the resistance of the
xylem to embolism, the efficiency of the xylem in
transporting water and whether stomatal regulation
tends towards riskier (anisohydric) or conservative
(isohydric) strategies (Tardieu and Simonneau 1998,
Hartmann et al 2021). Our 37 PWS encompassed
a range of strategies assuming a direct trade-off
between 159 and isohydricity (less negative 159, more
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isohydric), between 15y and leaf mass area (less neg-
ative 159, higher leaf mass area) and between 15,
and maximum stem conductivity ks max (less negat-
ive 15, higher ks max, supporting figure 4). We find
a strong non-linear relationship between drought
stress and impacts on AGB for a wide range of
PWS (figure 2(b)). The strength of this relationship
gradually declines for PWS with lower 15y (figure 2,
which is consistent with empirical studies indicat-
ing species with higher xylem vulnerability to embol-
ism display higher drought-induced mortality rates
(Rowland et al 2015). The strongest response to the
MCWD anomaly is found for PWS with —2.2MPa
< 59 < —1.4 MPa which matches with the obser-
vations of species affected in TFEs (Rowland et al
2015) indicating that this particular hydraulic trait
renders great risk under drought. For PWS with )5
below —3.5 MPa, we find no relationship between the
MCWD and AGB anomalies, hence, such PWS may
be able to withstand extreme droughts. This implies
that extreme droughts impact species differently and
may lead to differential resilience which is in line with
physiological theory (Klein 2014).

Empirical studies found that species in the cent-
ral Amazon rainforest respond rather conservat-
ively to drought stress (closing stomates early under
drought stress, isohydric behavior, higher parameter
A, (Konings and Gentine 2017, Garcia et al 2021)).
We find a similar pattern in our modeled results
with a greater dominance of more conservative PWS
(higher hydraulics safety margins, supporting figure
13) in the central Amazon. However, this more con-
servative stomatal regulation does not prevent severe
drought damage (figure 2(b)) due to the trade-off
between isohydricity and xylem vulnerability. Even
with closed stomates, the xylem of a plant is still at risk
as water continues to escape through the closed sto-
mates (Duursma et al 2019), cuticles and extremely
dry soil, which can withdraw water from the plant’s
roots and xylem.

While we find and apply a weak empirical rela-
tionship between /5o and maximum stem conductiv-
ity ks, max for our PWS parameterization, other empir-
ical studies do not support this relationship (Barros
et al 2019, Bittencourt et al 2020) and the general
existence of it is debated (Lens et al 2022). However,
ks max only had a minimal influence on the simulated
drought response, as PWS with high ks max were more
vulnerable to cavitation which caused a more rapid
decline of ks under drought. Changes in ks max had an
impact on standing AGB under non-drought condi-
tions, as higher kg facilitated more rapid growth.
Other studies find that more dens stems are more
robust against drought stress, which indicate that
wood density and 59 can be correlated (Guillemot
et al 2022). However, we could not find a signific-
ant relationship between wood density and sy in
the data sources we analyzed (supporting methods 6).
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The Amazon is hyperdiverse taxonomically and very
little is known about how traits and trade-offs related
to drought-resistance strategies function across the
region. Our results emphasize that this information
is central to capturing the state and dynamics of the
Amazon forest.

3.2. Long-term trends of the Amazon rainforest
carbon sink

We compare net carbon balance, carbon gains, and
carbon losses by their trend, magnitude, and year-to-
year variability with observational data from Brienen
et al (2015), Hubau et al (2020). Using a weighted
mean (see section 2.6) across the PWS we find a
net carbon sink over the period 1985-2010 with
a mean magnitude of 0.2MgCha 'yr=' (0.2/0.8
quantiles: 0.02-0.37 MgCha™'yr—") which is lower
compared to the inventories from Hubau et al (2020)
(0.41 MgCha™'yr~!, CI: 0.16-0.63MgCha™'yr1).
One of the reasons for the discrepancy between
our simulations and the plot measurements may be
that precipitation data in the climate forcing data-
sets (Papastefanou et al 2021) only resolve larger-
scale and less local climate in the Amazon basin
(supporting figure 14) and that the overall car-
bon storage in the Amazon basin remains quite
uncertain (Tejada et al 2019). We find a declin-
ing trend of the net sink of —0.015MgCha™'yr—2
(CI —0.002; —0.035) which is caused by a posit-
ive trend in plant carbon losses across the Amazon
basin (figure 3(a), blue bold line). While carbon
gains are only slightly increasing during that period
(figure 3(b), slope = 0.004 MgC ha™'yr—2) compared
to a stronger trend in the observations, carbon losses
show a strong increase similar to the observations
over time (figure 3(c), slope = 0.010 MgCha ™ 'yr—2).
Our modeled trends are robust when applying the
model to the subset of selective gridcells correspond-
ing to the observational data (supporting figure 15 or
when using a different forcing climate dataset (sup-
porting figure 8). However, the impacts of specific
years e.g. 2009 can be different (supporting figure 8).
The main discrepancy in carbon gains between model
and observations could be caused by our model not
being able to correctly reproduce observed forest
structure with the 37 PFTs, the lack of direct compet-
ition and coexistence of the PFTs for light and water,
and the absence of other relevant nutrient cycling
e.g. phosphorus (Fleischer et al 2019). Furthermore,
the much lower number of plot measurements avail-
able before 1994 could also induce a bias in carbon
gain observations or in the forcing dataset variables
leading to a bias in modeled carbon gains.

We subdivided the modeled trend of carbon
losses into the three mortality mechanisms con-
sidered in LPJ-GUESS-HYD which are related to tree
age, low growth and hydraulic failure (figures 4(a)—
(c), see also methods). This subdivision revealed
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that increasing carbon losses are largely explained by
drought-induced hydraulic failure. Over 85% (32 of
37) of the simulated PWS show increasing trends in
carbon losses greater than 0.01 MgCha™'yr—2 (aver-
age MgC 0.021 ha™'yr—2). Very sensitive PWS with
very high 5y > —1.2 MPa displayed only very lim-
ited biomass growth in our model and subsequently
did not show any trends (figure 4(c)).

The higher magnitude of modeled carbon losses
compared to the observations might arise from the
new additional mortality mechanism that we intro-
duced and the lack of other processes important pro-
cesses such as ground water uptake and hydraulic
redistribution. The interplay of hydraulic failure
induced mortality and the growth efficiency mortal-
ity should be further investigated as both mechan-
isms can co-occur. Finally, our mechanistic hydraulic
failure based mortality only provides a starting point
to simulate drought induced tree mortality and addi-
tional work is needed that for example conducts sim-
ilar drought stress experiments as Hammond et al
(2019) for tropical species and mature trees.

The simulation trends are in good agreement with
plot inventories (Hubau et al 2020), but in contrast to
other modeled results from (1) the Coupled Model
Intercomparison Project (CMIP6, (Koch et al 2021)),
(2) standard LPJ-GUESS (figure 3, purple line), (3)
the DGVMs used in the current TRENDY ensemble
(supporting figure 16), which all have not incorpor-
ated plant hydraulic failure with associated tree mor-
tality. In these models, carbon losses are formulated
as a function of carbon gains, which cannot explain
the observed trends (Koch et al 2021). The inclusion
of an mechanistic hydraulic-failure based drought
mortality mechanism in LPJ-GUESS-HYD effectively
decouples fluxes of carbon gain and loss (figure 3).

Similar to the impacts we found for the 2005
drought event (figure 2), the strength of the increas-
ing trend in modeled carbon losses is related to 59
with drought-sensitive species showing a stronger
increasing trend (figure 4(c)). Excluding the years
with the strongest MCWD anomalies (2005, 2007,
2009, and 2010) in the GLDAS dataset from the trend
calculation (figure 4(d)), we find that the increas-
ing modeled trend in simulated drought-related mor-
tality disappears (mean trend overall PWS: 0.001
0.021 MgCha™'yr=2 quartiles: 0, 0.002; figure 4(d).
When excluding the recent four decades, and hence,
also the recent extreme events from the climate for-
cing we also do not find a decreasing trend in
the net carbon sink, but instead a slight increas-
ing trend due to the CO, fertilization effect AGB
gains (supporting figure 15). This finding high-
lights the Amazon rainforest’s susceptibility to cli-
mate extremes such as strong El Nino events, and
not to moderate drought stress per se. We generally
find a higher year-to-year variability in the modeled
net carbon sink of 0.49 MgCha™'yr—! compared to
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LPJ-GUESS was applied no confidence bands for standard LPJ-GUESS have been calculated. The black dashed line and grey area
show measurements from Brienen et al (2015) and Hubau et al (2020) (see also supporting methods S3).

observations, which is caused by a higher variability
in carbon losses (0.44 MgCha 'yr—!) compared to
the variability in carbon gains (0.15MgCha ™ 'yr—").
The model might thus overestimate instantaneous
drought effects, however, it does not account for lag
effects, which can weaken trees and increase their
susceptibility to several mortality agents over several
years following a drought (Peterken and Mountford
1996, Park Williams et al 2013, Trugman et al 2018,
Aleixo et al 2019). Lag effects may cause carbon losses
to extend over years, or cause compound effects,
which is not considered in our model yet.

To date, only few studies have reported a
clear relationship between drought stress (MCWD
anomaly) and carbon losses for 2005 in the Amazon

rainforest (Phillips et al 2009, Yang et al 2018).
Droughts manifest in different ways across the
Amazon rainforest induced by e.g. large-scale weather
anomalies (Marengo et al 2011). There was a weaker
relationship between the MCWD anomaly and bio-
mass mortality in 2010, despite increased carbon
losses (supporting figure 9(d)). Similarly, higher
biomass carbon losses and lower biomass carbon
gains were observed in 2010, but only the lower car-
bon gains could be attributed to drought stress as
defined in terms of MCWD anomaly (Feldpausch
et al 2016). Plot observations also found no rela-
tionship between MCWD and carbon losses across
a network in the long-term (Hubau et al 2020). We
find a much weaker relationship between increasing
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Figure 4. Scatterplots showing the individual trends (slopes) of the different mechanistic mortalities for each of 37 PWS simulated
with LPJ-GUESS-HYD versus 159, a PWS-specific parameter. The slope is based on a linear model from 1984 to 2010 for the
three carbon fluxes contributing to overall mortality: (a) growth-efficiency mortality, (b) age-related mortality, (c)
drought-related mortality based on hydraulic failure, and (d) similar to (c) but excluding 2005, 2007, 2009, 2010. Full circles
represent slopes of a linear model with a pvalue < 0.05 and open circles with a pvalue > 0.1.

carbon losses and increasing drought stress (MCWD
and MCWD anomaly) from 1984 to 2010 compared
to the extreme drought event in 2005 (supporting
figure 17). The strength of the relationship strongly
depends on the choice of drought indicator which
highlights the difficulty of measuring drought stress
per se (supporting figures 9 and 17).

Multiple hypotheses have been put forward for
the increasing trend in aboveground carbon losses in
the Amazon rainforest (Brienen et al 2015, Hubau
et al 2020). From our novel modeling approach, we
conclude that hydraulic failure is the most convincing
process to explain increasing carbon losses, since it is
well supported by observations (Rowland et al 2015,
Adams et al 2017) and—if implemented in a process-
based model reproduced three lines of observa-
tional evidence; (1) modeled hydraulic failure repro-
duces the AGB impact of large scale drought events
(figure 2); (2) improved simulated dynamics of car-
bon fluxes caused by artificial extreme drought stress
as observed in two experimental drought experiments
(Caxiuana and Tapajos, supporting figure 12), and (3)
agreement with recent observed increase in carbon
losses across the Amazon basin (figure 3). While our
modeling study does not provide a definitive answer,
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we provide arguments against some of those: (1)
Self thinning and growth efficiency related mortality
are implemented in the standard LPJ-GUESS model
and fail to capture the observed drought impacts
for 2005 and the decline in net sink. (2) While a
shift in species composition has been observed, it is
too small to explain the observed trend in increased
carbon losses (Esquivel-Muelbert et al 2019). (3)
Accelerated growth from elevated CO; could also
lead to increased mortality (Brienen et al 2020),
which could explain the observed trend but not the
impact of recent drought events such as 2005 and
2010 (Phillips et al 2009, Lewis et al 2011). However,
we cannot rule out the increased liana abundance
as a potential driver of tree mortality (Phillips et al
2002, Schnitzer and Bongers 2011), which should be
addressed in future modeling studies. Increasing sub-
lethal changes in the canopy structure of Amazon
rainforests have also been observed during strong
drought events (Leitold et al 2018) which are not con-
sidered in our model.

Our results are robust against changes of sev-
eral important hydraulic parameters (supporting
figures 18 and 19), while the model is very sens-
itive to the susceptibility of the xylem to hydraulic
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failure expressed as 15y and to the mortality—Iloss of
conductivity parametrization (supporting figure 3).
Better knowledge on 15 variations and further spe-
cies specific knowledge about the critical thresholds
between loss-of-conductivity and mortality across the
Amazon basin is important to enhance model preci-
sion. However, the extreme drought stress in rainfall
exclusion experiments, which is particularly induced
by soil moisture stress, is captured well by our model
(figure 2(a) and supporting figure 12). Dynamic root-
ing depth and distribution are expected to modify the
simulated effects of drought stress at the ecosystem
level. While in the current implementation root dis-
tribution and depth are fixed future studies should
incorporate flexible roots schemes (Sakschewski et al
2021) to better account for plants adaptation to envir-
onmental or drought conditions. Multiple studies
also support a mortality—wood density relationship
(Phillips et al 2019, Liang et al 2021), which is not yet
fully understood from a mechanistic perspective and
thereby not part of mechanistic mortality modeling.
Both LPJ-GUESS and LPJ-GUESS-HYD are typically
applied with daily forcing usually averaging or taking
the maximum across sub daily timesteps. This aggreg-
ation of daily data might underestimate the effects of
drought stress. For example, short and intense heat
waves result in rapid changes in humidity and other
environmental drivers which can influence the hydro-
dynamical states of plant on very short time scales.

The diversity of tropical tree species in CMIP6
models is often only represented in single PFT para-
meterizations (Koch et al 2021) which is unlikely to
capture the correct response of plants under drought
stress, given the diverse response of the implemen-
ted PWS in our study (figures 2(b) and 3). Weighting
these PWS according to their AGB allows us to show
that different PWS prevail in different climatic condi-
tions in the Amazon (supporting figure 13). In order
to simulate competition and coexistence of the PWS
their plant hydraulic strategies need to be further
linked to other strategies of resource partitioning and
use (Oliveira et al 2021).

Absolute carbon loss of drought impacts does
strongly dependent on biomass. Spatial patterns of
biomass remain uncertain across the Amazon basin
(Mitchard et al 2013, Tejada et al 2019) and both
model versions LPJ-GUESS and LPJ-GUESS-HYD
also differ. Here, additional studies are needed that
reduce this uncertainty in biomass, e.g. utilizing VOD.
Modern VOD based estimates also show a declin-
ing trend in biomass (Fan et al 2019) and resili-
ence (Boulton et al 2022) across the Amazon basin.
Better constraining the response of tropical forests
to drought will also require thorough observational
surveys to provide information on functional biogeo-
graphy, in combination with physiological inform-
ation for the different drought response types and
drought-induced mortality patterns.
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4, Conclusions and outlook

Plot networks have shown that the Amazon basin is
turning from a net carbon sink into a carbon source
much quicker than predicted by any of the state-of-
the art vegetation models (Hubau et al 2020). One
cause for this decline is presumed to be drought stress,
but it has not been possible to definitively attrib-
ute this from observations. When introducing plant
hydraulics to a DGVM, we showed that observed
trends in tree mortality and the saturation in the
Amazon carbon sink can be reproduced based on
underlying ecophysiological mechanisms. The novel
model approach allowed to providing attribution
to drought as the primary agent of carbon balance
change in these forests. This paves the way for more
reliable projections of the future of tropical forests.
Furthermore, we show that the rate of biomass loss
is likely to accelerate following its non-linear rela-
tionship with drought intensity, at least if some of
the drier climate scenarios for the region (Duffy et al
2015) become true. As the likelihood of extreme
drought events increases in future (Trenberth et al
2014, Fischer et al 2021), our results point towards a
continued, and potentially accelerating, decline of the
Amazon carbon sink.

Data availability statement

The output files are about 100GB which exceeds the
upper storage limits on most file hosters. The data
that support the findings of this study are available
upon reasonable request from the authors.

Model output is available upon request.
Output scripts are available at https://github.com/
PhillipPapastefanou/AmazonModellingStudy. A
scatterplot of AGB anomaly vs. MCWD anomaly
is available in figure 2(A) from Phillips et al (2009).
TRENDY data sources (Friedlingstein et al 2022)
were available after contacting Stephen Sitch and
Pierre Friedlingstein. Observational trends in car-
bon losses, gains and net sink were obtained from
the source data of Hubau et al (2020). Inventories of
AGB were obtained from the supporting information
of Avitabile et al (2016). The ABC dataset (Liu et al
2015) was accessed via www.wenfo.org/wald/global-
biomass. The VODCA (Moesinger et al 2020) dataset
can be accessed via https://doi.org/10.5281/zenodo.
2575599.
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