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The rising frequency and intensity of extreme droughts across the Amazon raises uncertainty about
the capacity of tropical forests to adjust to future climate. Here, we combined the severe 2023 El Nifio
drought with a multi-decadal throughfall-exclusion experiment to compare eco-physiological
resilience between pre-exposed drought-primed trees (PT) and untreated controls (CT). During El
Nifio, PTs reduced transpiration by 25%, while CTs declined by up to 54% relative to pre-drought
levels. Post-drought, PTs fully recovered transpiration, whereas CTs recovered only to 77.5%,
showing legacy effects and pronounced leaf area loss. These differences were reinforced by long-term
structural changes (i.e., mortality) in the TFE, which reduced water competition during extreme
drought. Tree structural data revealed a significantly smaller crown-to-stem size ratio in PTs, reducing
sensitivity to evaporative demand and underpinning their enhanced drought resistance and resilience.
These findings reveal that physiological resilience to extreme events can emerge from long-term
drought exposure through structural adjustments at both ecosystem and individual tree scale.

Amazon rainforests exchange large quantities of carbon dioxide and latent
heat with the atmosphere, and contribute significantly to the stability of the
Earth’s climate system'™. However, Amazonia’s functional stability is facing
substantial risks due to global warming and deforestation*”. Recent decades
have experienced an increase in severe drought events across the Amazon
basin, associated with sea surface temperature (SST) anomalies linked to the
El Nifio-Southern Oscillation (ENSO) in the tropical Pacific and warming
SST in the Tropical North Atlantic (TNA), with the majority of severe
droughts in the Amazon being related to ENSO'"%. While ENSO and
warming of the SST in the TNA are natural climate phenomena, their

intensity, duration and frequency have increased'"". In the last two decades,
four droughts (TNA: 2005, 2010; ENSO: 2015/16, 2023/24) were ranked as
“once-in-a-century” events, each exceeding the previous in magnitude'*"".
These climate anomalies were characterised by prolonged reductions in
rainfall and soil moisture, alongside elevated vapour pressure deficit, air
temperatures, and solar radiation across the basin'’. The impacts on the
tropical land surface have been linked with net CO, emissions to the
atmosphere, driven by a weakening terrestrial carbon sink, associated with
amplified physiological stress in trees (i.e., reduced photosynthesis and
elevated tree mortality) and a higher fire incidence"'*"*. The recent ENSO
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2023/24 triggered one of the most severe droughts on record in the
Amazon'™", likely exposing tropical trees to immense hydraulic stress
diminishing forest function.

Thus, quantifying physiological resistance, defined as the ability to
maintain physiological function during drought and resilience, that is the
capacity of trees to recover key functions like transpiration or carbon
assimilation, is essential to assess drought impacts and legacy effects™ .
Although transpiration is not a direct proxy for growth, its maintenance
during drought and recovery after rewetting reflect the integrity of hydraulic
function, and thereby can capture drought legacies linked to carbon
assimilation, potential repair costs, and structural adjustments such as
reduced leaf area””. However, while short-term drought responses of
tropical trees are relatively well studied, they are unlikely to fully predict
long-term trajectories of resistance and resilience under future extremes”.
Bridging short and long timescales is increasingly urgent given climate
predictions of prolonged dry seasons and more frequent extreme drought
eventsl 1,1‘1,27,28.

From a biogeographical perspective, studies across rainfall gradients in
Amazonia show communities shifting towards a higher abundance of
drought-affiliated species with inherently more drought-tolerant traits,
highlighting species turnover and trait plasticity as key responses™.
However, hydraulic trait plasticity and adjustment to drought on the scale of
individual adult trees seems to be limited”"”. Instead, individuals may
undergo structural adjustments to modify architecture and optimise water
use under stress in response to long-term drought exposure, potentially
reflecting phenotypic structural plasticity”*. Such structural adjustments
may enable trees to modulate leaf water potential by balancing leaf area,
sapwood conducting area, and height relative to atmospheric and soil
moisture conditions, as has been observed within species along climatic
gradients™**. Reductions in transpiring surface area and volume can lower
boundary layer and canopy conductance and decrease evaporative demand,
enhancing water-use efficiency under recurring stress**””. Such long-term
modifications complement and shape short-term responses such as sto-
matal regulation and leaf shedding, as strategies for trees to control water
status during drought™***. Trees with large, hydraulically demanding crowns
are therefore expected to rely more on tight stomatal regulation than
smaller-crowned trees during acute drought. The degree of water potential
regulation, or stringency, describes how strongly trees constrain declines in
plant water potential in response to increasing atmospheric evaporative
demand and soil moisture limitation™.

Insights into how Amazon rainforest trees could respond to multi-
decadal drought exposure have been gained from a long-term throughfall-
exclusion experiment (TFE, 50% exclusion for >20 years)**”***". The effect
of the TFE treatment was to simulate the recurrence of an El Nifio-type soil
drought by exacerbating dry-season water limitation, increasing the length
and intensity of each dry season (Methods). The first year of treatment in
2002 triggered rapid physiological and structural responses, including sharp
declines in sap flow, stomatal conductance, and leaf area during the dry
season”. Leaf area never fully recovered and became a lasting legacy of
drought exposure™. Significantly elevated tree mortality occurred during the
first 15 years of TFE treatment, leading to substantial biomass loss”. After
seven additional years, totalling 23 years of TFE, the forest was shown to be
no longer experiencing elevated tree mortality. This suggested ecohy-
drological stabilisation via ecosystem-level structural change, with the sur-
viving trees now accessing sufficient water without hydraulic stress’'. How
trees within a forest that has been subjected to long-term drought respond
physiologically to acute drought events remains unknown. The El Nifio
drought of 2023 offered a unique natural experiment to assess how trees
exposed to multi-decadal soil drought respond to climatic extremes - con-
ditions expected to become more frequent'***, One potential scenario could
be that these trees were ‘primed’ and therefore better able to withstand the
2023/24 EI Nifo than trees in the untreated control forest. ‘Priming’ refers to
the process by which recurrent past stress (priming stimulus; here TFE)
modifies responses to future stress (trigger stimulus; here ENSO drought),
acting on the phenotype such that long-term adjustments enhance

physiological resistance and resilience’". Alternatively, the extreme con-

ditions during the dry season of 2023 may have exceeded the trees’ funda-
mental tolerance of drought, leaving them very sensitive to intensifying
climate change™.

We investigated the physiological responses of Amazonian rainforest
trees to the El Nifio 2023/24 drought at a uniquely long-term drought
experiment in the eastern Amazon’. We quantified drought resistance (R?),
the ability of a tree to limit the reduction in transpiration during drought,
and post-drought resilience (Rs), the capacity of trees to reach or exceed pre-
drought transpiration levels™*’. We measured plant water use, water status
regulation stringency”’, water potential, temporal changes in leaf area index
(LAI) and tree and forest structure derived from terrestrial laser scanning
(TLS). We compared the physiological performance of PTs subjected to >20
years of recurrent soil drought within the TFE with that of CTs, which have
experienced natural rainfall. We tested the following hypotheses: 1) The
trees ‘primed’ (PTs) under the long-term recurrent soil drought treatment
display higher physiological resistance and resilience to an acute extreme
drought event compared to untreated control trees (CTs). 2) The PTs
exhibit a lower demand for water during the drought, allowing these trees to
endure the extended water limitation imposed by the acute drought com-
pared to CTs. 3) The PTs show hydraulic co-ordination across physiology
and tree structural adjustments that together minimise internal water stress
during drought.

We show that trees pre-exposed to multi-decadal experimental
drought were significantly more resistant and resilient to the El Nifio
extreme than untreated controls with respect to tree-level transpiration, and
achieved full recovery after the El Nifio-enhanced dry season. CTs failed to
recover transpiration rates and displayed significant post-drought legacy
effects alongside pronounced leaf area loss. These differences were rein-
forced by long-term structural changes (i.e., mortality) in the TFE, which
reduced water competition during extreme drought. Significantly smaller
relative crown size in PT's compared to CTs resulted in a lower sensitivity to
evaporative demand and underpinned their greater resistance to the El Nifio
drought. These findings reveal that resilience to acute drought can emerge
from long-term drought exposure through structural adjustments at the
individual tree scale, with emergent feedback at ecosystem scale.

Results

Extreme climate in the Amazon during the El Niho 2023

The drought of the El Nifio in 2023 was marked by the lowest dry-season
precipitation levels since recording started in 1982 at our study site in
Caxiuani National Forest Reserve, in the eastern Amazon. The site receives
an average of 227 + 105 mm of rainfall during the dry season (determined by
precipitation < 100 mm month ™', August-November) calculated over the
period of 1982-2022, but in 2023 it only received 82 mm during those
4 months, while the dry season was also extended by an additional month,
resulting in a strongly intensified and extended dry season (Supplementary
Fig. 1). In September and October 2023, the forest was in a state of an
exceptional meteorological soil drought quantified by the Standardized
Precipitation Index accumulated over three months (SPI-3 <—2.0). In
addition, seasonal atmospheric conditions during the 2023 El Nifio dry
season were exceptionally severe compared to the 22-year baseline
(2001-2022). Daily maximum above-canopy air temperatures averaged
33.5+0.82 °C during the study period, corresponding to the 98.5th per-
centile of the historical distribution (2001-2022 mean: 31.5 + 1.2 °C). Daily
maximum vapour pressure deficit (VPD) reached extreme levels with a
mean of 2.39 + 0.39 kPa, ranking at the 91" percentile of the historical data
(2001-2022 mean: 1.92 + 0.39 kPa). Daily minimum relative humidity was
severely reduced to 53.8 + 5.8%, and was placed at the 21st percentile of the
historical distribution (2001-2022 mean: 58.4 + 6.4%). The most extreme
atmospheric conditions in the 2001-2023 site climate record all occurred
during the 2023 dry season. On 31 October 2023, the site experienced its
highest recorded VPD (3.6 kPa), air temperature (36.1°C), and lowest
recorded relative humidity (38.5%) across the full observational time series
(Supplementary Fig. 1). Our historical climate data were collected during the
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Fig. 1 | Drought-primed trees are more resilient to
the ElNiio drought in 2023. Hydraulic function, as
the ratio of tree-level transpiration [kg day '] during
drought (drought resistance) and post-drought
(resilience) periods relative to the pre-drought
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\

baseline (6 weeks prior to drought) of tropical trees
in the eastern Amazon. This study compared trees
from a control plot (deep blue) with drought-primed
trees from a multi-decadal throughfall-exclusion
experiment (goldenrod) during and after the 2023 El
Nifio drought. The depicted lines exhibit plot-level
GAM-fitted trajectories, while the shaded areas
represent the 95% confidence intervals centred
around the daily mean of each plot. Vertical dashed
lines delineate the drought onset (23 June 2023) and
cessation (28 November 2023). Measured in 40
individuals (20 per plot, see Methods).
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past decades of climatic shifts, meaning that our analysis is conservative
regarding the detection of extreme events. However, these results underline
that this Amazonian forest was exposed to unusually extreme atmospheric
drought conditions during the El Nifio drought in 2023.

Drought-primed trees are more resistant during El Nifio
The 2023 El Nifio drought triggered substantial declines in drought resis-
tance (Rt) across all trees, quantified as the ratio of transpiration [kg day ']
during drought (Dr) relative to pre-drought (PreDr) baseline levels. We
applied a linear mixed model with Rt as the response and individual tree
identity as a random intercept. Fixed effects included drought duration
(days), plot treatment (TFE vs control), crown size (log-transformed crown
volume) and their interaction. Primed trees (PTs) and control trees (CTs)
showed a similar initial pre-drought baseline (t=—0.17, p=0.9), but
diverged significantly over time between treatments (t=13.7, p <0.001,
Supplementary Table 1, 2). The CTs showed a steeper reduction in their
hydraulic transport capacity with a rate of daily decline in Rt of
—0.0036 day™ [95% CI = —0.0038, —0.0034], while PTs demonstrated more
drought tolerance with a substantially slower decline of —0.0017 day™ [95%
CI=—0.0022, —0.0016] (Fig. 1). At the peak of the drought, on the last day
before the wet-season rainfall resumed, PTs displayed a significantly higher
mean resilience of 0.75 [95% CI = 0.64, 0.86] compared to CTs with a mean
resilience of 0.46 [95% CI: 0.44, 0.54]), computed from estimated marginal
means of the linear mixed model (Fig. 1). Crown size contributed sig-
nificantly to temporal drought resistance dynamics (t=—11.7, p <0.001),
increasing explained fixed-effect variance (from an =0.16 to 0.20,
Rf =0.63). Thus, independent of treatment, trees with larger crown volumes
exhibited a more pronounced loss of drought resistance over time. This
suggests that trees with large crowns are disproportionally disadvantaged
during long periods of drought with high evaporative demand. When soil
water availability (to 4 m depth) per unit tree biomass [mm/MgC] was
explicitly included in an alternative model, model performance was slightly
increased (R%, = 0.22, R? = 0.65), with higher water availability associated
with higher overall drought resistance (t=9.3, p <0.001). The temporal
treatment effect was no longer significant (t = — 1.37, p = 0.17), indicating
that treatment-specific differences in drought resistance trajectories are
largely explained by differences in soil water availability per unit biomass.
Notably, the effects of crown size on resistance dynamics remained highly
significant (t=—12.5, p<0.001, Supplementary Table 3). This demon-
strates that drought resistance dynamics were jointly governed by soil water
availability per unit biomass and crown size-dependent evaporative
demand.

We furthermore assessed how well trees constrained declines in plant
water potential in response to the El Nino. We quantified this regulation

using a stringency metric, defined as the deviation of observed water
potential from a null-reference representing the expected environmental
forcing if no regulation by the plants occurred - the higher the stringency,
the higher the regulation of water potential (Methods, Equation 5). As the El
Nifio drought progressed, both CTs and PTs displayed more strict regula-
tion of water potential compared to PreDr. We applied a linear mixed model
with plot treatment (TFE or control) and field campaigns as time exposed to
drought as fixed effects, with tree ID included as a random effect (an =0.42,
R2 =0.52). All model terms were significant (Supplementary Table 4). The
results showed that during the acute drought event, PTs regulated their
water status significantly less by up to —0.46 MPa [95 % CI = —0.8, —0.14]
(Fig. 2a), compared to CTs, despite no significant differences in either
minimum or pre-dawn leaf water potentials between CTs and PTs
throughout the study period (Fig. 2b, ).

Post-drought resilience and recovery

The moment of return of rainfall initiated the recovery phase. We quantified
the post-drought resilience (Rs) for each individual tree, as the ratio of
transpiration [kg day '] post-drought (PostDr) relative to pre-drought
(PreDr) baseline levels. We applied a linear mixed model over the PostDr
period, with Rs as the response variable, and the same fixed and random
effects as the resistance analysis (R?, = 0.14, R? = 0.73, Fig. 1). The effect of
crown volume was not significant on the post-drought recovery dynamics,
and was thus excluded from the model. The PostDr resilience analysis
confirmed that PTs demonstrated superior recovery baselines, beginning
post-drought recovery from significantly higher hydraulic performance
baseline levels due to higher drought resistance (t =2.9, p =0.007), due to
the lower loss in relative transpiration during the drought period. The PTs
fully recovered transpiration back to PreDr levels after 143 days within the
wet-season by end of April 2024. Thus, PTs demonstrated full resilience to
the El Nifio extreme with no signs of lasting drought legacies in tree tran-
spiration following the extreme drought. In CTs on the other hand, per-
sistent legacy effects were evident. CTs displayed only partial recovery
within our observation period, reaching only 77.5% of PreDr levels (Fig. 1,
Supplementary Table 1). When soil water availability per unit biomass was
explicitly controlled for, the treatment effect remained significant (t=3.2,
P <0.001). While soil water availability had a positive effect on recovery
(t=5.8, p<0.001), its inclusion only modestly increased the variance
explained (R2, = 0.144 compared with 0.14 in models without soil water).
Notably, CTs displayed substantial hysteresis. They failed to recover tran-
spiration to pre-drought levels despite soil water availability per unit bio-
mass returning to baseline, demonstrating a persistent drought legacy effect
on function. During the PostDr wet-season, water status regulation was
increasingly less strict as the length of time spent exposed to returning
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Fig. 2 | Primed trees show lower levels of water
status regulation during El Niiio. a Plant water
status stringency (S** [MPa]) during five sampling
campaigns pre-, during and post- El Nifo drought
2023/24. Data are for drought-primed trees (PT)
from a long-term throughfall-exclusion experiment
and respective control Trees (CT). The $* metric
quantifies the departure of observed ¥,,,4 from the
predictions of a null model representing both ther-
modynamic forces (i.e., soil and atmospheric
drought) when no physiological regulation occurred
(Methods Equation 5). b Minimum leaf water
potentials were measured at midday between 11:45
and 14:00 and ¢ pre-dawn leaf water potentials
between 04:00 and 06:00 during the same five sam-
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(drought) in 2023, and February and May (post-
drought) in 2024. For each variable, we applied two
linear mixed models. One over the pre-drought and
drought period, and one over the post-drought
period, including plot treatment and an interaction
with campaign as fixed effects, and tree ID as a
random effect. The variables above were measured
in the same 40 individuals (20 in the control and 20
in the TFE plot; deep blue = control trees, gold-
enrod = primed trees). The asterisks mark the sig-
nificance of the p value at 99% level (p < 0.01 **) as
outputted from the corresponding linear mixed
model, related to the plot variable. The absence of
asterisks marks the non-significance of plot differ-
ences. Our results show that during the acute
drought event, PTs regulated their water status sig-
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rainfall increased, with no differences between plots (R% =0.17,
R?=0.19, Fig. 2, Supplementary Table 4). There were no significant dif-
ferences in PostDr water status between treatments.

Structural differences and long-term drought

We tested whether tree structural differences were present between PTs and
CTs to further explain the observed divergence in their ability to resist and
recover from the El Nifio drought. Using terrestrial laser scanning (TLS) to
quantify divergent canopy responses of trees between drought-exposed and
control forest plots, we assessed canopy structure using pre- El Nifio
drought tree-level canopy structural data (n = 45) and complemented this
analysis with temporal plot-level leaf area index (LAIL #n =25 per plot)
measurements across three time points (pre-drought, drought (2023), and
post-drought (2024), n = 127 measurements) to quantify divergent canopy
responses of trees between drought-exposed (TFE) and control forest plots.

Tree-level canopy structural data obtained from TLS supported the
hypothesis that structural differences are present with regard to individual
crown size, resulting in smaller transpiring surfaces in PTs compared to CT's
(Fig. 3). Three complementary crown metrics demonstrated significant
structural differences between treatments. (i) The ratio of individual pro-
jected tree crown area [m?] to stem diameter [m] was significantly lower in
PTs with a mean of 141.0 m* m™ [95% CI =99.4, 157.0] compared to CTs
with a mean of 192.0 m*> m™ [95% CI = 143.0, 234.0], as shown by a two-
sample t-test (t=2.2, df =37, p =0.016, 95% CI for difference =4.3, 97.2).
Consistent with this: (ii), crown volume per unit stem diameter was sig-
nificantly smaller in PTs (mean = 585.0 m®> m™, 95% CI = 236.0, 815.0) than
in CTs (mean = 844.0 m®> m™, 95% CI = 627.0, 1003.0; t-test: t = 2.1, df = 35,
p=0.023,95% ClI for difference = 3.8, 513.8); and (iii) crown volume relative
to stem cross-sectional area, showed PT's to have significantly smaller values,
approximately 70% of CTs (median values of 1938.0 m* m? [IQR = 1091.0,
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Fig. 3 | Drought-primed trees display smaller relative crowns. Structural com-
parison between drought-primed and control tropical forest trees. a Architectural
metrics: relative crown size to stem size metrics calculated from terrestrial laser
scanning (TLS) of the studied primed trees (PTs; goldenrod) compared to the
respective control trees (CTs; deep blue) (n = 45): (i) Crown area normalised by
stem diameter (left; one-sided t-test: t = 2.2, p = 0.016), (ii) crown volume per unit
stem diameter (centre; one-sided ¢-test: t = 2.1, p = 0.023), and (iii) crown volume
per unit stem cross-sectional area (right; one-sided Wilcoxon test: W = 319,

p = 0.034). Boxplots show median, quartiles, and range; asterisks (*) indicate sig-
nificance of the p-value at the 95 % level (p < 0.05). b Visualisation of the structural

differences for two individuals from the genus Manilkara with similar tree height
(37 m) but lower relative crown area in primed (right) vs control tree (left) derived
from TLS. ¢ Temporal dynamics of Leaf Area Index (LAI) from 25 measuring points
per plot measured by hemispheric photography pre- El Nifio drought (n = 25, 21),
during - (n = 25, 11), and post- drought (1 = 21, 24) from the Control and TFE plot,
respectively. Connected points represent median values with error bars showing
95% confidence intervals. Statistical differences were tested using non-parametric
Wilcoxon rank-sum tests and Kruskal-Wallis tests. TFE = Throughfall-Exclusion
treatment plot.

2573.0] in PTs compared to CTs with 2730.0 m* m™ [IQR = 1756.0, 4336.0],
Wilcoxon test: W=319, p=0.034, Fig. 3a, b). Collectively, these results
demonstrate that the overall canopy structure supporting the transpiring
leaf surface area and volume was significantly reduced in PTs across mul-
tiple structural metrics. The crown area to diameter ratio suggests PT's
maintain approximately 26.5% smaller crown area per unit stem diameter
than CTs, indicating substantial structural adjustment in response to
chronic experimental drought exposure.

In addition to the tree-level structural differences, our analysis also
revealed fundamentally different temporal LAI dynamics between treat-
ments during the extreme 2023 El Nifio. The TFE plot maintained
remarkable stability in LAI across the observation period (Kruskal-Wallis
x*=1.55, p=0.459), with median values remaining consistently between
440-459 m*m™. In contrast, the control plot experienced significant
temporal LAI decline of about 20% in response to the acute El Nifio drought
(Kruskal-Wallis y* =17.25, p < 0.001), dropping from 5.76 m* m? in July
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Fig. 4 | Structural differences between plots across
forest strata. Plant Area Volume Density [m* m ]
(PAVD) analysis across forest strata in long-term
throughfall-exclusion experiment (TFE; goldenrod)
versus control plot (deep blue), collected in October
2023. Vertical distribution of plant material density
measured using terrestrial laser scanning (TLS)
across 50 m height profiles. Data represent mean
PAVD values (m* m™) with 95% confidence inter-
vals calculated from 36 measurement locations per
plot. Forest structure was stratified into four vertical
zones: Understorey (0-10 m), Subcanopy

(10-20 m), Main Canopy (20-30 m), and Emergent
Layer (>30 m), indicated by horizontal dashed lines
and labelled regions. Statistical comparisons
between treatments were conducted using two-sided
Wilcoxon rank-sum tests for each stratum sepa-
rately. The vertical profile illustrates the distribution
of photosynthetic and structural plant material from
forest floor to canopy top, enabling quantification of
biomass redistribution patterns between drought-
exposed and control forest conditions.
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2023 to 4.62m’m? by September 2024 (Wilcoxon signed-rank test:
P <0.001). Treatment differences were highly significant across all time
points (Wilcoxon test: p <0.001), but these differences became less pro-
nounced over time (Fig. 3c). While the control forest initially maintained
higher LAI values than the TFE pre-El Nifio (July 2023: median differ-
ence = 1.26 m’> m, p < 0.001), this gap narrowed after the El Nifo, with the
September 2024 data showing reduced differences between treatments
(median difference =0.22 m*> m™, p =0.020). No tree mortality occurred
during the measuring period, suggesting that temporal changes in gap
fraction and thus LAI in the control were principally driven by leaf shedding.

Furthermore, plot-level structural plant area volume density (PAVD,
[m® m™°]) analysis revealed significant differences in the structural organi-
sation across forest strata between the treatment and control. Both the
Understorey (ground-10 m) and Subcanopy (10-20 m height) exhibited
higher density in the TFE forest canopy (Wilcoxon test: p < 0.08), while the
upper strata of the Main Canopy (20-30 m height, Wilcoxon test: p < 0.001)
and the Emergent Layer (>30 m height, Wilcoxon test: p = 0.02) showed the
opposite pattern (Fig. 4). The Main Canopy showed a 14.3% lower density in
the TFE forest. These findings, on individual tree and whole-forest scale,
indicate a vertical re-distribution of functional plant material, with the
drought-exposed forest displaying a less dense upper canopy, where
atmospheric demand is likely to be at a maximum. Together, the TLS data

reveal significant structural adjustments on both ecosystem and individual
tree scales as responses to long-term drought exposure in the TFE, whereas
the LAI data reveal structural responses to acute drought in the control.

Discussion

We demonstrate that trees pre-exposed to multi-decadal recurrent soil
drought (drought-primed trees, PTs) exhibited strong physiological resis-
tance and resilience during the acute and extreme 2023 El Nifio. In contrast,
control trees (CT) showed considerable drought sensitivity and legacy
effects in response to the acute drought (Fig. 1). The PTs fully recovered
water transport rates within six months, whereas the CTs failed to recover in
the post-drought rainy season despite soil water recovering to pre-drought
conditions. The mechanisms underlying the observed physiological drought
resistance in PTs are complex, reflecting the integration of ecosystem-scale
processes, such as drought-induced tree mortality that alters soil water
competition*"*, with tree-level adjustments including reduced crown size
and leaf area, which lower atmospheric water loss and soil water demand.
While treatment differences in drought resistance trajectories were pri-
marily driven by higher soil water availability per unit biomass in the TFE
plot, crown architecture further modulated resistance dynamics, indicating
joint control by ecosystem- and tree-scale structure. Although absolute soil
moisture was lower in the TFE, reduced biomass maintained comparable
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Fig. 5 | Soil moisture availability during El Nifio a)
drought. a Time-series of plot-level soil water con-
tent relative to the above-ground biomass [MgC/
mm] in the Control (deep blue) and TFE (gold-
enrod) plots measured up to 4 m depth before,
during and after the 2023 EI Nifo drought. General
additive models (GAM) were used to derive the solid
tendency lines, and error bands represent the 95%
confidence interval of soil water content relative to
biomass centred around the daily mean of each plot.
Vertical dashed lines delineate drought onset (23
June 2023) and cessation (28 November 2023).

b Time series of absolute soil volumetric water
content [m’ m ] per plot measured at 0.5 m depth,
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biomass-normalised soil water availability pre-drought"'. However, during
the acute 2023 drought, the control experienced lower levels of soil water
availability relative to biomass (Fig. 5). This triggered stronger reductions in
transpiration in CTs, together with stricter stomatal regulation and leaf
shedding responses, with persistent hysteretic legacy effects after soil
moisture recovery”**>*’. In contrast, the drought-primed system, shaped by
more than two decades of intensified dry seasons, balanced water-use and
demand through long-term structural adjustments without apparent lasting
physiological legacy effects.

In this context, recent work identified a critical soil moisture threshold
of 0.32 m® m™ regulating transpiration in a central Amazonian forest”.
During the 2023 drought in Caxiuand, control plot soil moisture remained
below this threshold throughout the dry season (Fig. 5b), consistent with
strong transpiration declines in CTs (Fig. 1). At peak drought, soil moisture
dropped even below 0.19 m’ m >, a threshold recently associated with rapid
depletion of stem water reserves in Amazonian trees and palms as limiting
soil water uptake increases reliance on internal water storage, highlighting
the importance of stem water pools in buffering drought stress”’. However,
such critical soil moisture thresholds controlling transpiration can vary
substantially across ecosystems, ranging from over 0.26 m’ m™> in humid
systems to 0.12 m’ m™ in arid systems, largely due to differences in aridity,
leaf area, and soil texture™. This contrast between systems further highlights
the value of using generalisable comparators such as relative rather than
location-specific soil moisture threshold analyse*"*.

Our results further identify structural reductions of the crown size as a
significant mechanism enhancing responses to acute drought. A smaller
crown relative to stem size reduces tree-level sensitivity to high evaporative
demand, allowing stomata to be kept open with lower absolute water loss,
with potential cooling effects on leaf and canopy temperatures™”". In
contrast, CTs with larger crowns require stronger stomatal regulation to
maintain similar water potentials under greater atmospheric exposure. This
is consistent with the higher water-status stringency observed in CT's despite
similar minimum leaf water potentials between treatments. The absence of
significant differences in minimum leaf water potential between treatments
aligns with previous experimental and modelling work, suggesting that
hydraulic safety can be maintained either through stomatal closure and leaf
area reduction during acute drought (CT's) or through longer-term struc-
tural canopy adjustments (PTs)****. However, we caveat that leaf water
potential was measured only bimonthly because of logistical constraints at

this remote site. As the 2023 drought extended unexpectedly into late
November, we were unable to sample at peak drought. Notably, work from a
temperate forest TFE, using higher-frequency sampling, revealed brief but
significant differences in water potential between treatments with a rapid
recovery, suggesting that our lower sampling frequency may have missed
this critical window of variation™****,

Furthermore, water-status stringency depends on both VPD and leaf
water potential differences”. While leaf water potentials were slightly, but
not significantly, higher in CT's than PTs, our VPD measurements (16 and
42m height) likely did not capture crown-level atmospheric variability
associated with canopy openness and structural heterogeneity. Conse-
quently, VPD, and thus stringency, may be underestimated for some trees in
the more open TFE canopy. We acknowledge this as a limitation and note
that future studies would benefit from higher-resolution vertical VPD
profiling. Nevertheless, stringency incorporates the ratio of leaf conductance
to hydraulic supply capacity under reference well-watered conditions (ﬁ%‘;‘),
which was greater in CTs than PTs (Supplementary Fig. 4), consistent with
their larger crowns and greater atmospheric exposure’>”. This highlights
the value of null-referenced stringency metrics over traditional iso-/aniso-
hydric classifications, which have been criticised for conflating plant
hydraulic behaviour with variation in environmental conditions™. The
CTs also exhibited a clear drought legacy, evident in limited transpiration
recovery and substantial LAI loss. Leaf area reductions, observed during
previous El Nifio droughts and the initial TFE dry-down in 2002 ( ~ 20%
LAI decline), provide short-term hydraulic protection’®********, However,
under long-term drought, larger structural changes in the canopy appear to
be favoured. Accordingly, the TFE forest had already shifted to a lower but
stable LAIL, whereas CT's underwent substantial leaf area loss during the 2023
El Nifio to maintain hydraulic safety’*".

Collectively, our results show that structural adjustment is a critical, yet
often underappreciated, determinant of drought resistance and resilience in
Amazonian trees™”’. Previous work has suggested that adjustments in
classically assigned functional traits appear to be limited in their maximum
capacity to maintain tree function and reduce mortality in individual trees
and at ecosystem scale’™*>*, despite the predictive power of variation in
these traits over larger scales across regions™*'"*’. Many organ-scale traits,
including leaf osmotic properties and xylem vulnerability, are evolutionarily
conserved and therefore unlikely to shift rapidly in response to drought®"*.
The response to strong variation in long-term drought stress is likely to be
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explained far better by the inclusion of structural adjustment, which has
been noted elsewhere to be a key process that governs drought
responses’ >’ Because terrestrial laser scanning was not available at the
start of the experiment, uncertainties remain regarding the pre-drought
structural state and temporal development of the TFE forest. Consequently,
it is unclear whether the current phenotype of PTs reflects structural plas-
ticity or selective mortality. Nevertheless, as structural shifts become more
prevalent with climate change, they carry important implications for above-
ground biomass estimates, which typically do not account for canopy
degradation. Allometric models may increasingly underestimate biomass
losses in tropical forests as climate change progresses, potentially masking
early signs of structural decline and ecosystem change®*. This highlights
the value of laser scanning technologies for improving biomass estimation”.
Our findings also carry implications for remote-sensing observations of
these forests, as canopy dieback affects canopy roughness, biomass and
moisture, which have been linked to declines in radar backscatter and may
become an increasingly common signal in drought-affected forests™ ™.
Future work should determine whether the TFE forest now resembles
naturally drier Amazonian forests and investigate the mechanisms driving
crown reduction, including hydraulic branch failure, cladoptosis, and
constrained regrowth under chronic drought™*'. Future work should also
address (epi)-genetic modifications and the potential for transgenerational
memory effects to better inform our understanding of the decades-to-
century-scale resilience of forests to climate stress*™*.

Our study highlights the importance of linking short- with long-term
drought responses”*. Ecosystems are not only impacted by current climate,
but their growth and environmental conditions are shaped by antecedent
climate. Such lagged responses are known as memory effects and can
influence the impact of climate extremes on ecosystem functions”~”". In this
context, we argue that the overall allometry of the PTs and the structure of
the TFE forest carries a multi-decadal-scale effect of the drought treatment.
That is, the drought-primed system harbours an ‘ecological memory’ of
recurrent intensified dry season water limitation, and this is imposed at the
intersection of physiology and structure, so that PT function is affected
favourably under future extreme drought, leading to the observed increased
resistance and resilience even in extreme conditions such as the recent 2023
El Nifio****”?, Our findings may seem to challenge previous assumptions
that prolonged drought legacies could ultimately manifest as retained and
accumulated hydraulic damage leading to reductions in forest resilience
according to alternative stable state theory (ASST)*”. Remote sensing evi-
dence of changes in biomass using vertical optical depth (VOD), including
critical slowing-down analyses, has been interpreted as early warning signals
of critical transitions and loss of resilience in Amazonia*****. However,
many resilience proxies (e.g., critical slowing down) are coarse and may not
capture such fine-scale ecological mechanisms driving recovery™*.
Although biomass reductions from mortality and canopy degradation are
detrimental and reduce productivity and carbon storage, they may also alter
competition for water and other resources in ways that enhance the survival
and relative performance of remaining trees"’. Thus, our results comple-
ment recent theoretical frameworks by highlighting that resilience trajec-
tories may be context dependent and strongly mediated by system-specific
biological mechanisms that are often underrepresented in top-down climate
resilience approaches, including acclimation, structural adjustment,
mortality-driven reorganisation, and shifts in competitive interactions
which may alter hydraulic vulnerability’*. While hydraulic legacy effects and
hysteresis remain important components of acute drought responses* (as
we show in the control), our findings suggest that long-term exposure can
simultaneously promote compensatory adjustments with large effects that
buffer surviving trees against future extremes.

Climate change will continue to disrupt biosphere-atmosphere inter-
actions in the Amazon, and forest resilience will depend on the capacity for
adjustment to sustained ecological stress beyond individual events'*™®.
These longer-term adjustments can strongly reshape projected resilience
trajectories but are rarely included in dynamic vegetation models used to
assess future forest—climate feedbacks’*”. We provide evidence here that the

emergent response to long-term drought in Amazon rainforest trees
includes an imprint operating over timescales that alter structure as well as
physiological processes®>”"”%. This changes our understanding of the
decadal-scale response by Amazonian forests to climate change, suggesting
that a previously unreported resilience to extreme events occurs in trees in
response to long-term drought, with ecosystem-scale effects. However, these
adjustments entail substantial costs, including reduced productivity, lower
above-ground biomass, and diminished ecosystem services, but ensure
survival and increase the competitive advantage of surviving trees under a
rapidly changing and drier climate*"***’. These outcomes contribute to the
discussion on tipping points and state-transition regarding the response by
Amazon forests to climate stress, in support of the possibility of intermediate
states and highlighting a dynamic resilience trajectory in these

ecosystems™**""*.

Methods

Site

The study was conducted in an Amazonian lowland tropical rainforest
situated in the Caxiuana National Forest, Floresta Nacional de Caxiuana,
state of Par4, in northern Brazil (1°43'S, 51°27'W). The site is designated as
an old-growth terra firme forest and is located within the
Xingu-Tocantins—Araguaia moist forests ecoregion. The seasonally dry
evergreen forest receives an annual precipitation of between 2,000 and
2,500 mm, with monthly rainfall dropping below <100 mm month™" during
the dry season (August—November, Supplementary Fig. 2). The equatorial
climate results in steady temperatures throughout the year with a mean
below-canopy temperature of 26 °C. The experiment consists of two
1 ha plots.

Throughfall exclusion

A one-hectare plot constitutes the through-fall exclusion treatment (TFE) in
this experiment, where 50% of the incoming rainfall is deflected from the soil
via a system of plastic panels and gutters installed 1-2 m above the ground.
The plot was trenched with a depth of 50-100 cm around its borders to
avoid water entering the plot laterally through root or microbial connec-
tions. The large size was necessary to implement a manipulation study at a
scale that considered a whole stand of trees, rather than a few
individuals®***'"*””_ With a distance of 50 m from the TFE and on similar
soil and slope, a respective control plot was also installed, without TFE
panels but with respective trenching. While the TFE treatment was main-
tained continuously throughout each year, the net effect of the TFE, a partial
throughfall exclusion, was to simulate the recurrence of an El Nifio-type soil
drought by exacerbating dry season water limitation. This occurred for >20
consecutive years by increasing the length and intensity of each dry season.
During the wet season, however, rainfall remained sufficient—monthly
totals exceeded 100 mm even with 50% exclusion—allowing for partial
recovery (Supplementary Fig. 2). Thus, trees in the TFE plot experienced
pronounced seasonal drought stress rather than year-round water limita-
tion. This is supported by data from this study site that show no differences
in wet-season transpiration flux between plots, whereas a pronounced
reduction of dry-season transpiration in the TFE compared to the control”,
and wet-season growth and respiration data suggesting wet-season
hydraulic recovery’®. Collectively, this suggests that trees in the TFE were
indeed primed to annual cycles of soil-water limitation during the dry
season, rather than suffering persistent water stress””. The experiment has
been maintained since its installation in January 2002.

Sampling design

We sampled 20 Amazonian trees in the TFE and 20 in the control (n = 40)
from May 2023 until July 2024, capturing the historic drought during the El
Nifo 2023. Sampling was designed to minimise taxonomic and size-related
bias by selecting individuals from comparable species or, where not possible,
congeneric taxa and similar size classes across plots (Supplementary
Table 5). However, due to differences in species composition and availability
between plots, exact taxonomic matching was not always achievable. The
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resulting dataset therefore represents a partially stratified, taxonomically
constrained sampling design rather than a fully paired design. Our models
incorporate taxonomic identity as a grouping term. Previous work at this
field site found little evidence for functional divergence between the control
and experimental plots, suggesting that long-term drought exposure did not
substantially alter community-level functional composition™*. Consistent
with this, we measured functional traits related to plant economic strategy,
drought tolerance, and tree size — including wood density, leaf water
potential at turgor loss point, and DBH—and did not find significant dif-
ferences between plots among the sampled individuals, suggesting that
interspecific functional variation likely had only a minor influence on the
observed resistance and resilience dynamics.

Meteorological data

The plot was equipped with a meteorological station installed on a ~45 m tall
tower. We measured data on precipitation, air temperature (T [°C]) and
relative humidity (RH in %). Sensors for T and RH were installed above
(42 m) and below the main canopy (16 m). Vapour pressure deficit (VPD)
was calculated from T and RH using the bigleaf package”. Additionally, we
calculated the Standardized Precipitation Index (SPI) using the SPEI
package®. We integrated the drought index over a 3-month period, SPI-3,
which has been recommended for characterising meteorological drought
and soil water deficits in tropical ecosystems®. We used the long-term
monitoring data on precipitation at the site, dating back to 1982, to calculate
the mean precipitation for the dry season between August and November.
We then calculated the departure of each year’s dry season from the long-
term mean, excluding the extreme year of 2023 (Supplementary Fig. 1). To
assess the severity of 2023 drought conditions, we computed seasonal means
for daily maximum temperature, daily maximum vapour pressure deficit
(VPD), and daily minimum relative humidity for each year in the historical
baseline period (2001-2022) and compared these with the 2023 seasonal
mean. For each climate variable, we calculated the empirical percentile rank
of the 2023 seasonal mean within the 22-year baseline distribution. Percentile
rankings indicate where 2023 conditions rank relative to the historical record,
providing interpretable effect sizes for the observed climate anomalies.

Soil water content per unit biomass
We calculated soil water content (SWC) for the upper 4 m of the soil profile
using permanently installed soil access pits located in both control and
throughfall-exclusion (TFE) plots. Volumetric soil moisture was recorded at
hourly resolution using time-domain reflectometry (TDR, CS616, Campbell
Scientific) installed at depths of 0, 0.5, 1, 2.5 and 4 m. These depths were
selected to capture the majority of the fine-root distribution and therefore
the bulk of plant-accessible water in the system. To derive a profile-
integrated estimate of water storage, the soil column was partitioned into
depth intervals (0-0.5, 0.5-1, 1-2.5, and 2.5-4 m), and volumetric water
content in each layer was converted into absolute water storage by multi-
plying by the corresponding soil volume per hectare (10,000 m” x layer
thickness). Layer-specific water storage values were then summed to obtain
total soil water content for the upper 4 m of the profile (expressed as L m™ or
mm). We calculated the water content per unit biomass by dividing the
maximum absolute water content in the first 4m of depth by the annual
biomass. To estimate aboveground biomass (AGB), we used mean wood
density (WD) and higher and lower 95% confidence intervals, tree height
(H) and stem diameter at breast height (DBH) using allometric models,
following previous implementations in the same site.

The following allometric equation was used to calculate tree height
from DBH: H = 227.35(1 — exp(— 0.139 DBH**%)).

Then, we applied a recently derived allometric equation from TLS data in
2018, using the measured DBH (m), the previously estimated H (m) and WD
(g cm™) taken from the literature. This allometric equation took the form:

AGB = 0.088( WDH(DBH)?)"%* 1)

For more details, refer to the methods of Sanchez-Martinez (2025)*'.

Sap flux

Sensors (EMSS81; Environmental Monitoring Systems, Brno, Czech
Republic, http://www.emsbrno.cz) were installed on the south side of the
focal trees, and programmed to log data in 15min intervals for high
temporal resolution. The selection of trees was stratified by size to ensure a
comparable diameter distribution to that observed in the plot”. The
EMS81 sensors use the heat balance method””***. Data on total tree sap
flux (kg h™") were collected between May 2023 and July 2024 and aggre-
gated on a daily basis (kg day ). Values of sap flow consistently showed an
offset from zero due to a constant portion of heat loss from the heated
electrodes being conducted into the xylem tissue. To baseline the data,
10% quantile regressions were performed for each individual setting
hourly sap flow as a response variable and time as a predictor and setting
the ‘tau’ argument to 0.1"". Models for each individual were then used to
predict values for the period of study. Finally, predicted values were
subtracted from the raw data. Daily variations of sap flow in the wet season
before the El Nifio were large, likely due to cloud cover and rainfall, and to
reduce this variation, the rolling daily mean flux was calculated within a
five-day interval.

Leaf data

Water potential (¥) was directly measured in the field immediately after
collection using a pressure chamber (Model 1505D, PMS; 0.05 MPa
resolution). Predawn (¥,,q) measurements were taken between 3:30 -
5:30 A.M, and Midday (¥,,q) measurements were conducted on the same
day between 11:30 A.M. - 1:30 P.M. Trees were climbed and outreaching
branches were cut from the upper third part of the tree crown. For each
tree, we measured ¥ of two leaves, or three leaves if the first two measures
differed by more than 0.2 MPa for ¥4 and 0.4 MPa for ¥,,q measure-
ments. Measurements were conducted bi-monthly during five campaigns
from May 2023-May 2024. Finally, the mean of the two repetitive samples
was taken. Data from the campaign in December 2023 were excluded from
the analysis, as the largest trees could not be sampled due to unfavourable
weather conditions.

Plant water status stringency

We used a stringency metric to quantify plant water status regulation (S";
for a more detailed description see Mencuccini et al. (2024))”. For these
calculations, time-series data of VPD (measured at two different canopy
positions; above canopy: 42 m and below canopy 16 m), ¥p,q and ¥;,q were
necessary, where ¥4 acts as a surrogate for ¥;. We acknowledge that ¥4
might not be equivalent to ¥, and may deviate under conditions of
incomplete nocturnal equilibration or residual night-time transpiration;
however, it was used here as a practical proxy for plant-accessible water
status given the absence of spatially resolved soil water potential measure-
ments across rooting depths. For more details, refer to Mencuccini et al.
(2024). Tree-level height estimates from terrestrial laser scanning (see
below) were used to match trees to their respective VPD exposure, where
trees below the mean tree height (26.5m) of the subcanopy VPD mea-
surement were matched with VPD at 16 m. Trees with a height >27 m were
matched with above-canopy VPD measurements. The 27m height
threshold is further justified by PAVD data (Fig. 4) from the Main Canopy
layer (20-30 m) showing a clear structural transition from high crown
density to sparse emergent layer between 26 and 27 m in both plots, where
PAVD above 27 m falls outwith the 90 quantile of the maximum PAVD,
suggesting that canopy maximum is at 27 m. The metric for total S** allows
for discrimination between regulation against the soil (Sy_s) and against
atmospheric forcing (Sypp, Supplementary Fig. 3). The stringency metric
works under the assumption of steady-state water balance.

g
‘Pleaf = lPsm'l - % VPD (2)
L
where&2 describes the variability of total leaf vapour conductance (sum of

stomatal andboundary layer conductance) and the whole-plant hydraulic
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conductance divided by leaf area, and is defined as:

8ot _ lPsoil,i - lPleufj
K,,i  VPD,i

(€)

The upper distribution of these data from our time series then repre-
sents the reference point, under non-stressed, well-watered con-
ditions, g‘“‘ = quantile, 95(pdf g’“”)) (Supplementary Fig. 4). Note that the
99" quantlle of that distribution is favoured as a reference point when
sampling number is high. However, due to low temporal sampling number
for each individual tree during our study, we aggregated the hydraulic

conductance by plot treatment. However, to avoid overestimation of
stringency, driven by larger values of 3 8uii of few trees, we used the 95th
quantile as more conservative upper cthtrlbutlon rather than the 99"
quantile (Supplementary Fig. 4). To ensure that stringency differences were
not overestimated, we calculated stringency using the 99%, 95" and 90®
quantile. However, even with the most conservative approach (90™ quan-
tile), the significant differences in stringency between plots during the
drought remained.

The hydraulic effects of the external environmental forcing, that is
from VPD from the atmosphere and ¥, are then defined as:

soil>

gtot VPD (4)

'th,i = ¥ —
The departure of the measured ¥, from the environmental effects
¥} then define the stringency of water status regulation by the plant:

8 = Yieari — Vi (5)

Drought resistance and resilience

We calculated physiological resistance (Rt) and resilience (Rs) for tree-level
transpiration [kg day~'] according to Lloret, et al. (2011)”. We quantified
the Rt for each individual tree, that is, its ability to limit the reduction in
transpiration during drought, as the ratio between its transpiration during-
(Dr) and pre-drought (PreDr). The PreDr period was defined as the period
in the peak wet season from the 01st of May to the 15th of June 2023
(Supplementary Figs. 1, 2).

_ Dr
" mean(PreDr)

(6)

We further quantified Rs, that is the capacity of trees to reach pre-
drought transpiration levels, estimated as the ratio between performance
post- (PostDr) and pre drought (PreDr)

_ PostDr
" mean(PreDr)

@)

PreDr was calculated as the mean of daily transpiration over a one-
month period. Full recovery was assumed when the resilience value stayed
above 0.95 PreDr for 5 consecutive days post-drought.

Drought Period

The El Nifio caused an abrupt change from wet to dry season. The drought
onset was defined as the day from which precipitation dropped to con-
tinuously below 10 mm day ™" (with two days of exception), and the drought
breaking was defined as the day where rainfall raised to >20 mm of daily rain
(23rd of June-28th of November, Supplementary Fig. 5). Thus, the TFE
panels did not notably affect the drought onset. We could neither detect an
effect of the panels on the drought onset between plots in the soil water
content data (Fig. 5) nor stem water content data (see Supplementary Fig. 6),
measured using FDR sensors calibrated for woody tissue (see Martius et al.
(2024)®). These data show that trees from both plots were equally sensitive

to the above-defined drought onset and return of rainfall date, with no
detection of lag effects between plots.

Leaf area index

Hemispherical Photos were taken from 25 equally distanced positions
within a grid of each 1 ha plot at dawn from 6 AM at a height of 1.5 metres
from the forest floor during three campaigns: pre-drought, during drought
(July & October 2023) and post-drought (September 2024) (total n = 127).
The hemispheric photos were pre-processed and analysed using the
HemispheR package in R*. Gap fraction was analysed using the gap.frac2
function, with the number of zenith rings set to five. This setting is suggested
for comparability with LAI-2000/2200 Plant Canopy Analyzer, which was
used for LAI estimation earlier in this experiment™. With this setting, the
effective leaf area (Le) is comparable with the apparent LAI derived from
LAI-2000/2200. Le was calculated from the logarithm of the arithmetic
mean gap fraction. Out of the total of 150 photographs taken, 23 were
removed after a quality check of the quality of pictures taken, where over-
growing leaves or poor light conditions resulted in strong outliers in the
dataset that made their inclusion unreasonable. For consistency with the
literature, including from this experiment, we use the leafarea index (LAI) as
a function of height to formulate the equations. However, it is important to
note that this is essentially the plant area index (PAI), which is interpreted as
the one-sided area of plant material surface per unit ground surface area.

Terrestrial Laser Scanning

TLS (terrestrial laser scanning) data were collected with a RIEGL VZ-400i
terrestrial laser scanner in October 2023. The VZ-400i has a laser wave-
length of 1550 nm and 0.35 mrad beam divergence. The angular resolution
used was 0.04° and the pulse repetition rate was 600 kHz. Scanning was
done on a 10m x 10 m grid, with two scans (one vertical and one hor-
izontal) taken at each position totalling 242 scans per plot. To minimise the
effect of wind on the data, scans were not executed when wind was strong
enough to move the woody parts of the trees. TLS data were co-registered,
and individual trees were manually segmented in RiSCAN PRO (RIEGL
Laser Measurement Systems GmbH, Horn, Austria, version). Individual
tree metrics were derived from segmented point clouds using the R package
ITSMe v1.0.0, which included tree height, DBH, crown area (concavity) and
volume (alpha)”. In order to estimate the crown metrics, we split up the
trunk from the crown. To detect differences in relative crown size in trees
between plots, we calculated the ratio of the crown area to DBH, crown
volume to DBH and crown volume to stem cross-sectional area where A = 1t
* (DBH/2)” for each of the trees from this study. Vertical plant area index
(PAI) profiles were derived from TLS scans performed at 121 locations. At
each scan location, two scans were collected: one upright and one tilted 90°
from vertical, to capture the full hemisphere. Plant profiles were computed
for each scan location using the solid-angle-weighted normalised method
described in Calders et al. (2014)*, implemented in the pylidar Python
package (https://github.com/armstonj/pylidar-tls-canopy).

Statistical analysis

All data processing and statistical analyses were conducted in R 4.4.1”. The
datasets were temporally divided into the pre-drought (<22/06/2023),
drought (23/06-27/11/2023) and post-drought period (>28/11/2023) as
defined above. We used linear mixed-effects models (LMMs) to analyse
temporal physiological resistance (Rf) dynamics during the drought period,
and resilience (Rs) dynamics during the post-drought period, with time,
treatment (plot), log-transformed crown volume, and their interactions as
fixed effects, and individual tree identity as a random intercept effect to
account for repeated measures within trees. The model goodness-of-fit was
reported as the marginal R2, for the proportion of variance explained by the
fixed effects only, and the conditional Rf to show how much variance was
additionally explained by the random effect, conditional on the fixed effects.
The model included Rt as the response variable, while the drought-exposure
time, plot treatment and crown size (log(volume crown [m’])) were included
as fixed effects. To assess potential temporal autocorrelation in the time
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series structure of the data, we additionally fitted linear mixed-effects models
with a first-order autoregressive correlation structure (corAR1) using the
nlme package. These models produced highly consistent effect estimates
compared to the primary LMM framework, although statistical significance
became slightly more conservative but still significant. The primary linear
mixed model presented includes tree ID as a random factor, accounting for
the fact that time is nested within the individual and measurements within
each individual are more similar to each other than across individuals. Given
that the rolling mean transformation of the response variables introduces
non-independence between adjacent time points, effectively inflating short-
term temporal autocorrelation, and given that the results converge with the
LMM, we present the simpler LMM results as the primary analysis. Sta-
tistical summary tables of the linear models were produced and are included
in the Supplementary Information. The slopes of the plot-specific linear
models represent the rate of the daily resistance loss (during Dr)—and the
rate of daily increasing resilience (PostDr). We computed the mean resis-
tance at the peak of drought from estimated marginal means of the linear
mixed model. While GAM models were used to display the data, simpler
linear mixed models were fitted to calculate all model estimates. All coef-
ficients were reported with their respective 95 % confidence interval. We
additionally tested alternative models including soil water content per unit
biomass as a covariate to assess whether treatment effects on resistance and
resilience were mediated by soil moisture availability. This extended model
included soil water content per unit biomass for each plot as a fixed effect
alongside the core model terms.

To verify the robustness of our resilience findings, we performed
bootstrap resampling analysis with 1000 iterations, randomly sampling
trees with replacement from each plot and refitting the two linear mixed
models (during drought and post-drought) to each bootstrap sample. This
approach tested whether the observed treatment effects and temporal
interactions remained consistent across different combinations of trees,
addressing potential concerns about sample size limitations. The bootstrap
analysis confirmed that our key findings were statistically robust, with the
plot x time interaction effect remaining significant in 94.3 % of bootstrap
samples for resistance, and the plot effect remaining robust in 71.5% of
bootstrap samples for resilience (Supplementary Fig. 7).

Furthermore, linear mixed models were used to test for differences in
plant water status stringency (S™), using the same fixed terms as noted above
(except crown volume) and tree ID as the random effect. One-sided t-tests
were performed to test differences between the individual tree crown size
metrics between CTs and PTs. The t-test assumptions were checked. When
these were violated (e.g., non-normality for the metric crown volume to
cross-sectional area ratio), non-parametric Wilcoxon tests were used.
Temporal changes in LAI within each treatment were assessed using
Kruskal-Wallis tests, with post-hoc pairwise comparisons conducted using
Wilcoxon signed-rank tests to identify significant changes between time
points. Treatment differences in LAI at each time point were evaluated using
Wilcoxon rank-sum tests due to non-normal data distribution. Structural
differences in plant area volume density (PAVD) between treatments across
forest strata (Understorey (0-10 m), Subcanopy (10-20), Main Canopy
(20-30 m), Emergent Layer (>30 m) were analysed using two-sided Wil-
coxon rank-sum tests between plots. All data were checked for normality
using the Shapiro-Wilk test. To check the assumptions for homogeneity of
variance, F-tests were conducted. We fitted linear mixed-effect models with
the ‘Imer’ function of the Ime4 package” and linear fixed-effect models with
the Im’ function (base packages). We validated model assumptions using
diagnostic plots for normality (QQ-plot) and homogeneity of residuals.

Data availability

The minimum dataset needed to replicate the analyses is available via
GitHub https://github.com/lionmartius/ecomemory. This includes datasets
on meteorology, leaf area index and physiological measurements of sapflow
and water potentials.

Code availability

The code used to replicate the analyses is available via GitHub https://github.
com/lionmartius/ecomemory. The code was written in R- language and was
organised in an R-markdown (rmd) script, which contains all code relevant
to this study.

Received: 30 January 2026; Accepted: 24 July 2026;
Published online: 14 September 2026

References

1. Aragéo, L. E. O. C. et al. Environmental change and the carbon
balance of Amazonian forests: environmental change in Amazonia.
Biol. Rev. 89, 913-931 (2014).

2. Armstrong McKay, D. . et al. Exceeding 1.5 °C global warming could
trigger multiple climate tipping points. Science 377, eabn7950 (2022).

3. Science Panel for the Amazon. Amazon Assessment Report 2021 (UN
Sustainable Development Solutions Network (SDSN), 2021).

4. Boulton, C. A, Lenton, T. M. & Boers, N. Pronounced loss of Amazon
rainforest resilience since the early 2000s. Nat. Clim. Chang 12,
271-278 (2022).

5. Flores, B. M. et al. Critical transitions in the Amazon forest system.
Nature 626, 555-564 (2024).

6. Brando, P. M. et al. Tipping points of Amazonian forests: beyond
myths and toward solutions. Ann. Rev. Environ. Resour. 50, 97-131
(2025).

7. Bultan, S. et al. Amazon forest faces severe decline under the dual
pressures of anthropogenic climate change and land-use change.
Proc. Natl. Acad. Sci. 122, 2418813122 (2025).

8. Wunderling, N. et al. Deforestation-induced drying lowers Amazon
climate threshold. Nature 1-7, https://doi.org/10.1038/s41586-026-
10456-0 (2026).

9. Silveira, M. V. F. et al. Observed shifts in regional climate linked to
Amazon deforestation. Commun. Earth Environ. 6, 948 (2025).

10. Marengo, J. A. et al. The drought of Amazonia in 2023-2024. Am. J.
Clim. Change 13, 567-597 (2024).

11. Cai, W. et al. Climate impacts of the El Nifio-Southern Oscillation on
South America. Nat. Rev. Earth Environ. 1, 215-231 (2020).

12. Jimenez, J. C. et al. The role of ENSO flavours and TNA on recent
droughts over Amazon forests and the Northeast Brazil region. Int. J.
Climatol. 41, 3761-3780 (2021).

13. Marengo, J. A. et al. Long-term variability, extremes and changes in
temperature and hydrometeorology in the Amazon region: a review.
Acta Amaz. 54, e54es22098 (2024).

14. Marengo, J. A. et al. Changes in climate and land use over the Amazon
region: current and future variability and trends. Front. Earth Sci. 6,
228 (2018).

15. Espinoza, J.-C. et al. The new record of drought and warmth in the
Amazon in 2023 related to regional and global climatic features. Sci.
Rep. 14, 8107 (2024).

16. Phillips, O. L. et al. Drought sensitivity of the Amazon rainforest.
Science 323, 1344-1347 (2009).

17. Betts, R. A. et al. A successful prediction of the record CO, rise
associated with the 2015/2016 El Nifio. Philos. Trans. R. Soc. B Biol.
Sci. 373, 20170301 (2018).

18. Ke,P.etal. Low latency carbon budget analysis reveals alarge decline
of the land carbon sink in 2023. Natl. Sci. Rev. 11, nwae367 (2024).

19. Anderson, L. O. et al. Vulnerability of Amazonian forests to repeated
droughts. Philos. Trans. R. Soc. B Biol. Sci. 373,20170411 (2018).

20. Brum, M. et al. ENSO effects on the transpiration of eastern Amazon
trees. Philos. Trans. R. Soc. B Biol. Sci. 373, 20180085 (2018).

21. Luo, X. et al. The impact of the 2015/2016 El Nifio on global
photosynthesis using satellite remote sensing. Philos. Trans. R. Soc.
B Biol. Sci. 373, 20170409 (2018).

Communications Earth & Environment| (2026)7:738

11


https://github.com/lionmartius/ecomemory
https://github.com/lionmartius/ecomemory
https://github.com/lionmartius/ecomemory
https://doi.org/10.1038/s41586-026-10456-0
https://doi.org/10.1038/s41586-026-10456-0
https://doi.org/10.1038/s41586-026-10456-0
www.nature.com/commsenv

https://doi.org/10.1038/s43247-026-03887-0

Article

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Fontes, C. G. et al. Dry and hot: the hydraulic consequences of a
climate change-type drought for Amazonian trees. Philos. Trans. R.
Soc. B 373, 20180209 (2018).

Lloret, F., Keeling, E. G. & Sala, A. Components of tree resilience:
effects of successive low-growth episodes in old ponderosa pine
forests. Oikos 120, 1909-1920 (2011).

Ruehr, N. K., Grote, R., Mayr, S. & Arneth, A. Beyond the extreme:
recovery of carbon and water relations in woody plants following heat
and drought stress. Tree Physiol. 39, 1285-1299 (2019).

Gessler, A., Bottero, A., Marshall, J. & Arend, M. The way back:
recovery of trees from drought and its implication for acclimation. N.
Phytol. 228, 1704-1709 (2020).

Fisher, R. A. et al. The response of an Eastern Amazonian rain forest to
drought stress: results and modelling analyses from a throughfall
exclusion experiment. Glob. Change Biol. 13, 2361-2378 (2007).
Meir, P. et al. Short-term effects of drought on tropical forest do not
fully predict impacts of repeated or long-term drought: Gas exchange
versus growth. Philos. Trans. R. Soc. B Biol. Sci. 373, 20170311
(2018).

Wunderling, N. et al. Recurrent droughts increase risk of cascading
tipping events by outpacing adaptive capacities in the Amazon
rainforest. Proc. Natl. Acad. Sci. 119, 2120777119 (2022).
Esquivel-Muelbert, A. et al. Compositional response of Amazon
forests to climate change. Glob. Change Biol. 25, 39-56 (2019).
Aleixo, |. et al. Amazonian rainforest tree mortality driven by climate
and functional traits. Nat. Clim. Chang. 9, 384-388 (2019).
Bittencourt, P. R. L. et al. Amazonia trees have limited capacity to
acclimate plant hydraulic properties in response to long-term drought.
Glob. Change Biol. 26, 3569-3584 (2020).

Negrao-Rodrigues, V. et al. Amazonian trees functional adjustments
to long term experimental drought are limited and species dependent.
Flora 331, 152821 (2025).

Magnani, F., Grace, J. & Borghetti, M. Adjustment of tree structure in
response to the environment under hydraulic constraints. Funct. Ecol.
16, 385-393 (2002).

Binks, O. et al. Vapour pressure deficit modulates hydraulic function
and structure of tropical rainforests under nonlimiting soil water
supply. N. Phytol. 240, 1405-1420 (2023).

Cinnirella, S., Magnani, F., Saracino, A. & Borghetti, M. Response of a
mature Pinus laricio plantation to a three-year restriction of water
supply: structural and functional acclimation to drought. Tree Physiol.
22, 21-30 (2002).

Mencuccini, M. & Grace, J. Climate influences the leaf area/sapwood
area ratio in Scots pine. Tree Physiol. 15, 1-10 (1995).

Meinzer, F. C. et al. Control of transpiration from the upper canopy of a
tropical forest: the role of stomatal, boundary layer and hydraulic
architecture components. Plant, Cell Environ. 20, 1242-1252 (1997).
Wolfe, B. T., Sperry, J. S. & Kursar, T. A. Does leaf shedding protect
stems from cavitation during seasonal droughts? A test of the
hydraulic fuse hypothesis. N. Phytol. 212, 1007-1018 (2016).
Mencuccini, M. et al. A new empirical framework to quantify the
hydraulic effects of soil and atmospheric drivers on plant water status.
Glob. Change Biol. 30, e17222 (2024).

Rowland, L. et al. Death from drought in tropical forests is triggered by
hydraulics not carbon starvation. Nature 528, 119-122 (2015).
Sanchez-Martinez, P. et al. Amazon rainforest adjusts to long-term
experimental drought. Nat. Ecol. Evol. 1-10. https://doi.org/10.1038/
s41559-025-02702-x (2025).

Hilker, M. et al. Priming and memory of stress responses in organisms
lacking a nervous system. Biol. Rev. 91, 1118-1133 (2016).

Hesse, B. D. et al. Physiological recovery of tree water relations upon
drought release —response of mature beech and spruce after five

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

years of recurrent summer drought. Tree Physiol. tpac135, https://doi.
org/10.1093/treephys/tpac135 (2022).

Silva, M. C. et al. Small understory trees increase growth following
sustained drought in the Amazon. New Phytol. https://doi.org/10.
1111/nph.70873 (2026).

Brum, M. et al. Employing a hysteresis approach to analyze shifts in
tree physiological thresholds in response to drought. Plant Cell
Environ. 49, 4850-4871 (2026).

Ruehr, N. K. & Nadal-Sala, D. Legacies from early-season hot
drought: how growth cessation alters tree water dynamics and
modifies stress responses in Scots pine. Plant Biol. 28, 610-621
(2025).

Chambers, J. Q. et al. Hot droughts in the Amazon provide a window
to a future hypertropical climate. Nature 1-7, https://doi.org/10.1038/
s41586-025-09728-y (2025).

Martius, L. R. et al. Stem water storage dynamics in amazonian palms
and dicotyledonous trees. Trop. Plant Biol. 19, 22 (2026).

Fu, Z. et al. Global critical soil moisture thresholds of plant water
stress. Nat. Commun. 15, 4826 (2024).

Meir, P. et al. Threshold responses to soil moisture deficit by trees and
soilin tropical rain forests: insights from field experiments. BioScience
65, 882-892 (2015).

De Kauwe, M. G., Medlyn, B. E., Knauer, J. & Williams, C. A. Ideas and
perspectives: How coupled is the vegetation to the boundary layer?
Biogeosciences 14, 4435-4453 (2017).

Hikino, K. et al. Drought legacy in mature spruce alleviates
physiological stress during recurrent drought. Plant Biol. 28, 637-648
(2025).

Hochberg, U., Rockwell, F. E., Holbrook, N. M. & Cochard, H. Iso/
Anisohydry: a plant-environment interaction rather than a simple
hydraulic trait. Trends Plant Sci. 23, 112-120 (2018).

Nunes, M. H. et al. Recovery of logged forest fragments in a human-
modified tropical landscape during the 2015-16 El Nifio. Nat.
Commun. 12, 1526 (2021).

Martius, C., Hofer, H., Garcia, M. V. B., Rémbke, J. & Hanagarth, W.
Litter fall, litter stocks and decomposition rates in rainforest and
agroforestry sites in central Amazonia. Nutr. Cycl. Agroecosyst. 68,
137-154 (2004).

Saatchi, S. et al. Persistent effects of a severe drought on Amazonian
forest canopy. Proc. Natl. Acad. Sci. 110, 565-570 (2013).
Wigneron, J.-P. et al. Tropical forests did not recover from the strong
2015-2016 El Nifio event. Sci. Adv. 6, eaay4603 (2020).

Bai, H. et al. Unprecedented Amazonian rainforests damage during
the 2023-2024 droughts. Proc. Natl. Acad. Sci. 123, €2514066123
(2026).

Verbeeck, H. et al. Time for a plant structural economics spectrum.
Front. For. Glob. Change 2, 43 (2019).

Lamy, J.-B. et al. Limited genetic variability and phenotypic plasticity
detected for cavitation resistance in a Mediterranean pine. N. Phytol.
201, 874-886 (2014).

Choat, B. et al. Triggers of tree mortality under drought. Nature 558,
531-539 (2018).

Tavares, J. V. et al. Basin-wide variation in tree hydraulic safety
margins predicts the carbon balance of Amazon forests. Nature 617,
111-117 (2023).

Sanchez-Martinez, P. et al. Increased hydraulic risk in assemblages of
woody plant species predicts spatial patterns of drought-induced
mortality. Nat. Ecol. Evol. 1-13. https://doi.org/10.1038/s41559-023-
02180-z (2023).

Sanchez-Martinez, P., Martinez-Vilalta, J., Dexter, K. G., Segovia, R.
A. & Mencuccini, M. Adaptation and coordinated evolution of plant
hydraulic traits. Ecol. Lett. 23, 1599-1610 (2020).

Communications Earth & Environment| (2026)7:738

12


https://doi.org/10.1038/s41559-025-02702-x
https://doi.org/10.1038/s41559-025-02702-x
https://doi.org/10.1038/s41559-025-02702-x
https://doi.org/10.1093/treephys/tpac135
https://doi.org/10.1093/treephys/tpac135
https://doi.org/10.1093/treephys/tpac135
https://doi.org/10.1111/nph.70873
https://doi.org/10.1111/nph.70873
https://doi.org/10.1111/nph.70873
https://doi.org/10.1038/s41586-025-09728-y
https://doi.org/10.1038/s41586-025-09728-y
https://doi.org/10.1038/s41586-025-09728-y
https://doi.org/10.1038/s41559-023-02180-z
https://doi.org/10.1038/s41559-023-02180-z
https://doi.org/10.1038/s41559-023-02180-z
www.nature.com/commsenv

https://doi.org/10.1038/s43247-026-03887-0

Article

65. Wey, H.-W., Pongratz, J., Nabel, J. E. M. S. & Naudts, K. Effects of
increased drought in Amazon forests under climate change:
separating the roles of canopy responses and soil moisture. J.
Geophys. Res. Biogeosci. 127, €2021JG006525 (2022).

66. Zuleta, D. et al. Damage to living trees contributes to almost half of the
biomass losses in tropical forests. Glob. Change Biol. 29, 3409-3420
(2023).

67. Carle, H. et al. Contributions of height allometry and within-species
trait variation to uncertainty in estimates of tropical forest carbon
stocks. Forestry cpaf084, https://doi.org/10.1093/forestry/cpaf084
(2025).

68. Alves, R. D. F. B. et al. Evidence of drought memory in Dipteryx alata
indicates differential acclimation of plants to savanna conditions. Sci.
Rep. 10, 16455 (2020).

69. Qiu, J. et al. Large contribution of antecedent climate to ecosystem
productivity anomalies during extreme events. Nat. Geosci. 1-8,
https://doi.org/10.1038/s41561-025-01856-4 (2025).

70. Hughes, T. P. et al. Ecological memory modifies the cumulative
impact of recurrent climate extremes. Nat. Clim. Change 9, 40-43
(2019).

71. Toca, A., Gonzalez-Benecke, C. A., Nelson, A. S. & Jacobs, D. F.
Drought memory expression varies across ecologically contrasting
forest tree species. Environ. Exp. Bot. 231, 106094 (2025).

72. Tombesi, S., Frioni, T., Poni, S. & Palliotti, A. Effect of water stress
“memory” on plant behavior during subsequent drought stress.
Environ. Exp. Bot. 150, 106-114 (2018).

73. Hammond, W. M. A matter of life and death: alternative stable states in
trees, from xylem to ecosystems. Front. For. Glob. Change 3, 560409
(2020).

74. Maracahipes, L. et al. Forest recovery pathways after fire, drought,
and windstorms in southeastern Amazonia. Proc. Natl. Acad. Sci. 123,
2532833123 (2026).

75. Elnar, A. R. B. & Bernido, C. C. Universality of ecological memory for
local and global net ecosystem exchange, atmospheric CO2, and sea
surface temperature. Sci. Rep. 14, 25949 (2024).

76. Meir, P. et al. The effects of drought on amazonian rain forests. in
Amazonia and Global Change 429-449 (American Geophysical Union
(AGU), 2009).

77. daCosta, A. C. L. et al. Stand dynamics modulate water cycling and
mortality risk in droughted tropical forest. Glob. Change Biol. 24,
249-258 (2018).

78. Rowland, L. et al. Drought stress and tree size determine stem CO,
efflux in a tropical forest. N. Phytol. 218, 1393-1405 (2018).

79. Knauer, J., EI-Madany, T. S., Zaehle, S. & Migliavacca, M. Bigleaf—an
R package for the calculation of physical and physiological ecosystem
properties from eddy covariance data. PLoS ONE 13, e0201114
(2018).

80. Begueria, S. & Vicente-Serrano, S. M. SPEI: Calculation of the
Standardized Precipitation-Evapotranspiration Index. CSIC. https://
github.com/sbegueria/SPEI (2023).

81. Zambrano Mera, Y. E., Rivadeneira Vera, J. F. & Pérez-Martin, M. A
Linking EI Nifio Southern Oscillation for early drought detection in
tropical climates: the Ecuadorian coast. Sci. Total Environ. 643,
193-207 (2018).

82. Moore, G. W. & Aparecido, L. M. T. Sap flux measurements in wet
tropical forests: unique challenges and opportunities. Acta Hortic.
109-118, https://doi.org/10.17660/ActaHortic.2018.1222.15 (2018).

83. Cermék, J., Kucera, J. & Nadezhdina, N. Sap flow measurements with
some thermodynamic methods, flow integration within trees and
scaling up from sample trees to entire forest stands. Trees 18,
529-546 (2004).

84. Binks, O. et al. Forest system hydraulic conductance: partitioning tree
and soil components. N. Phytol. 233, 1667-1681 (2022).

85. Martius, L. R. et al. Towards accurate monitoring of water content in
woody tissue across tropical forests and other biomes. Tree Physiol.
44, tpae076 (2024).

86. Chianucci, F. & Macek, M. hemispheR: an R package for fisheye
canopy image analysis. Agric. For. Meteorol. 336, 109470 (2023).

87. Terryn, L. et al. Analysing individual 3D tree structure using the R
package ITSMe. Methods Ecol. Evol. 14, 231-241 (2023).

88. Calders, K., Armston, J., Newnham, G., Herold, M. & Goodwin, N.
Implications of sensor configuration and topography on vertical plant
profiles derived from terrestrial LiDAR. Agric. For. Meteorol. 194,
104-117 (2014).

89. R. Core Team. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing (R. Core Team,
2024).

90. Bates, D., Machler, M., Bolker, B. & Walker, S. Fitting linear mixed-
effects models using Ime4. J. Stat. Softw. 67, 1-48 (2015).

Acknowledgements

This manuscript is a direct outcome of over 25 years of continuous efforts to
maintain the ESECAFLOR (Efeitos da Seca da Floresta) project. Special
emphasis is placed on the design and construction of the world’s longest-
running throughfall-exclusion experiment in a tropical forest, led by Prof. Dr.
Patrick Meir and Prof. Dr. Antonio Carlos Lola Da Costa. However, the
maintenance of the experimental structure and scientific equipment—
despite significant disturbances caused by falling trees in the drought
experiment and the challenges posed by the experiment’s remote location—
would have been impossible without the unwavering dedication of a strong
local team. The authors would like to express their deepest gratitude to the
Museu Paraense Emilio Goeldi for generously providing its field station and
laboratory facilities. It has been a true privilege to conduct research in such a
remote and remarkable setting within the Floresta Nacional de Caxiuana in
Brazil.

Author contributions

L.R.M,, P.S.-M., M.M., A.C.L.d.C. and P.M. conceptualised and designed
the study. Data collection and framework development were carried out by
LR.M,, PS.-M,, V.N.-R,, P.B.,, W.C.,, W.v.d.B,, ZC.,L. T.,C.T.-A,, O.B,,
M.C.S.,AB.d.S.,RD.P.,GS.T.,JAS.J,RS.O,LR,A.C.Ld.C.,MM.and
P.M. The data analysis and code writing was performed by L.R.M., P.S.-M,,
W.C., W.v.d.B., Z.C., L.T. and C.B. L.R.M. drafted the manuscript. P.S.-M.,
PB.,L.T,C.B,RD.,0.B,MC.S.,GS.T,KC.,MD,S.S., ETAM,RS.O,
L.R., M.M. and P.M. critically reviewed and contributed to the revision of the
manuscript.

Funding

This work was supported by the Society of London Wolfson Fellowship
[RSWF\211008 & DP17010409], by NERC grant [NE/W006308/1] and
philanthropic financial support by the late Derek H. Moss and Maureen J.
Moss [The Derek & Maureen Moss Fieldwork Grant No. 3]. The authors KC,
WC, WVDB, L.T. and ZC were funded by the European Union [ERC-2021-
STG Grant agreement No. 101039795]. Views and opinions expressed are
however those of the author(s) only and do not necessarily reflect those of
the European Union or the European Research Council Executive Agency.
Neither the European Union nor the granting authority can be held
responsible for them. LT was funded by Ghent University [Ghent University
Bijzonder Onderzoeksfonds Grant No. 01G01923].

Competing interests
The authors declare no competing interests.

Communications Earth & Environment| (2026)7:738

13


https://doi.org/10.1093/forestry/cpaf084
https://doi.org/10.1093/forestry/cpaf084
https://doi.org/10.1038/s41561-025-01856-4
https://doi.org/10.1038/s41561-025-01856-4
https://github.com/sbegueria/SPEI
https://github.com/sbegueria/SPEI
https://github.com/sbegueria/SPEI
https://doi.org/10.17660/ActaHortic.2018.1222.15
https://doi.org/10.17660/ActaHortic.2018.1222.15
www.nature.com/commsenv

https://doi.org/10.1038/s43247-026-03887-0

Article

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43247-026-03887-0.

Correspondence and requests for materials should be addressed to
Lion R. Martius.

Peer review information Communications Earth & Environment thanks
Bruno Gimenez and the other, anonymous, reviewer(s) for their contribution
to the peer review of this work. Primary Handling Editors: Dushan
Kumarathunge, Mengjie Wang. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

Communications Earth & Environment| (2026)7:738

14


https://doi.org/10.1038/s43247-026-03887-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsenv

	Amazonian trees under long-term drought exposure are more resilient to El Niño extreme
	Results
	Extreme climate in the Amazon during the El Niño 2023
	Drought-primed trees are more resistant during El Niño
	Post-drought resilience and recovery
	Structural differences and long-term drought

	Discussion
	Methods
	Site
	Throughfall exclusion
	Sampling design
	Meteorological data
	Soil water content per unit biomass
	Sap flux
	Leaf data
	Plant water status stringency
	Drought resistance and resilience
	Drought Period
	Leaf area index
	Terrestrial Laser Scanning
	Statistical analysis

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




