
Nature Ecology & Evolution | Volume 9 | June 2025 | 970–979 970

nature ecology & evolution

Article https://doi.org/10.1038/s41559-025-02702-x

Amazon rainforest adjusts to long-term 
experimental drought
 

Pablo Sanchez-Martinez    1 , Lion R. Martius    1, Paulo Bittencourt2,3, 
Mateus Silva2, Oliver Binks4, Ingrid Coughlin5, Vanessa Negrão-Rodrigues    6,7, 
João Athaydes Silva Jr6,8, Antonio Carlos Lola Da Costa6,8, Rachel Selman    1, 
Sami Rifai    9, Lucy Rowland    2, Maurizio Mencuccini    4,10 & Patrick Meir1

Drought-induced mortality is expected to cause substantial biomass loss 
in the Amazon basin. However, rainforest responses to prolonged drought 
are largely unknown. Here, we demonstrate that an Amazonian rainforest 
plot subjected to more than two decades of large-scale experimental 
drought reached eco-hydrological stability. After elevated tree mortality 
during the first 15 years, ecosystem-level structural changes resulted in 
the remaining trees no longer experiencing drought stress. The loss of the 
largest trees led to increasing water availability for the remaining trees, 
stabilizing biomass in the last 7 years of the experiment. Hydraulic variables 
linked to physiological stress, such as leaf water potential, sap flow and 
tissue water content, converged to the values observed in a corresponding 
non-droughted control forest, indicating hydraulic homeostasis. While 
it prevented drought-induced collapse, eco-hydrological stabilization 
resulted in a forest with reduced biomass and carbon accumulation in wood. 
These findings show how tropical rainforests may be resilient to persistent 
soil drought.

The Amazon rainforest is one of the largest terrestrial ecosystem carbon 
pools on Earth, playing an important role in global climate dynamics 
through the exchange of large quantities of CO2 and energy with the 
atmosphere1–3. However, there is increasing evidence that the Amazon 
carbon sink is at risk of switching to a temporary source in some drought 
years4 and may be decreasing in size over the long term because of, in 
part, to losses of carbon from biomass related to an increase in tree 
mortality rates, most probably related to warming and drying in some 
regions5–9. Tree mortality can also reduce evapotranspiration, with 
large additional impacts on atmospheric water recycling, estimated to 
account for about 25–35% of the rainfall in the Amazon region10–12. This 
phenomenon, together with predictions of a drier future climatic state 

for the Amazon12, may provoke a positive feedback leading to an even 
drier climate in the region. The combination of atmospheric drying 
and elevated mortality could affect ecosystem stability, which, under 
varying future scenarios, could lead to substantial shifts in the basic 
character of these forests to anything from degraded forests with lower 
biomass, to more radically altered systems with open canopies, or to 
what has been termed ‘ecosystem collapse’, implying a complete loss 
of the pre-existing forest structure and function1,3,13,14. Even if potential 
scenarios for such a tipping point have been identified, the ecological 
resilience of Amazon rainforests to drought, understood as the capac-
ity of the ecosystem to function under drier conditions15, is largely 
unknown.
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seven years (2017–2023, stabilization phase), at a mean biomass of 
163.65 ± 1.47 MgC ha−1 (mean and s.e. values given hereafter) (Fig. 1a). 
Biomass loss was strongly related to a disproportionately high loss 
of large trees during the transition phase (Supplementary Fig. 1) con-
firming previous studies at the same site reporting higher mortality 
of large trees16,17.

The stabilization in biomass was consistent with an increase in 
biomass-relative water availability, calculated as the annual maximum 
soil water availability in the top 4 m of soil per unit biomass. During the 
first transition phase driven by soil moisture deficit, biomass-relative 
water availability dropped rapidly in the TFE forest to below 3 mm of 
soil water per megagram (Mg) of biomass (2.97 ± 0.07 mm MgC−1), 
a reduction of 28.81% relative to that in the control plot during 
the same period (4.18 ± 0.03 mm MgC−1). After 15 years of drought 

Evidence from drought experiments in the Amazon indicated that 
a primary cause of a shift in the carbon sink under prolonged drought is 
drought-induced tree mortality16–19. Indeed, even the effects of severe 
short-term natural drought on tree mortality have been shown to be 
capable of temporarily switching the sign of the regional carbon sink 
from positive to negative. This process could potentially trigger larger 
biomass loss at high drought intensity if physiological thresholds 
of trees are persistently surpassed20. One of the key physiological 
mechanisms contributing to mortality during drought is a decline in 
xylem water potential (WP) leading to embolism in the xylem vessels, 
restricting water flow to the tree crown and consequent transpiration21. 
Under extreme water stress, this restriction in water flow may become 
widespread in the xylem causing hydraulic failure, a response that is 
expected to increase in frequency as the Amazon becomes drier and 
warmer22. However, other processes may reduce the likelihood of these 
events happening at the community and ecosystem scales. Unless very 
severe conditions persist for a considerable time, drought-induced 
mortality may eventually reduce overall competition for water to the 
point where demand at the community scale balances the long-term 
reduction in rainfall. This effect would lead to eco-hydrological stabili-
zation because any surviving tree would no longer experience drought 
stress and would be able to maintain its hydraulic function in the new 
drier climate.

Characterizing the multidecadal response to drought of an entire 
forest, and not just individual trees, is critical to understanding global 
change impacts at regional scales. However, studying whole-forest 
drought responses over prolonged periods is complex without 
long-term manipulation experiments, which are rare and costly. 
The Caxiuanã throughfall exclusion (TFE) experiment in the eastern 
Amazon16–18,23 offers a valuable opportunity to gain insights into the 
impacts of sustained drought stress because it is the only tropical for-
est experiment where a precipitation exclusion treatment has been 
maintained over decades (more than 20 years) and at a large-enough 
scale (1 ha) to consider community-level and ecosystem-level responses 
(Methods).

Previous studies on this experimental site reported the mortal-
ity of individual trees related to physiological stress and probable 
failure of the hydraulic system, as well as cross-treatment differences 
in transpiration, tissue WPs and loss of xylem conductance16,17,24–26. In 
this study, we revisited the experiment to evaluate whether after more 
than 20 years of 50% TFE, the forest continues to experience drought 
stress or whether it has reached eco-hydrological stabilization under 
drier conditions (understood as biomass stabilization coupled with no 
signs of hydraulic stress). We show that despite large and occasionally 
precipitate declines in biomass during the first 15 years of experimental 
drought, the forest has maintained a stable biomass for the subse-
quent 7 years. While the TFE treatment initially strongly reduced the 
amount of water available per tree (biomass-relative water availability), 
the observed biomass loss during 2002–2016 subsequently led to an 
increase in biomass-relative water availability, equivalent to that found 
in the adjacent non-droughted control forest. This increase in water 
availability led to no statistically significant differences between the 
hydraulic stress measured in trees in the TFE and control forest at pre-
sent. These results suggest that drought-induced biomass collapse is 
unlikely in this ecosystem, indicating that Amazonian rainforests can 
reach eco-hydrological stability after multidecadal drought, despite 
high mortality rates and large reductions in biomass and in the accumu-
lation of carbon in the wood caused by prolonged severe water deficit.

Results and discussion
Biomass stabilized after 15 years of sustained drought
The TFE lost 85 MgC ha−1 of aboveground biomass during the first  
15 years of experimental drought (2002–2016, transition phase), which 
suggested a reduction of 34% of its initial biomass (248 MgC ha−1). 
After the transition phase, the biomass stabilized during the following 
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Fig. 1 | Forest carbon time series. a–c, Estimated aboveground wood biomass (a), 
biomass-relative water availability (b) and annual change in biomass (∆Biomass) 
(c) for the control and TFE plots during the entire drought experiment period 
(2002–2023). General additive models were used to derive the tendency lines, 
which are shown as solid lines; the error bands represent the 95% confidence 
interval (CI) for biomass (estimated from the variability in species wood 
density), ∆Biomass and soil WC per unit biomass are shown. The red dashed line 
represents the approximate time at which the TFE plot changed from transition 
to stabilization phase (that is, stabilization of biomass). The two phases are also 
represented by the background colour. Soil water content is reported separately 
in Supplementary Fig. 9.
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treatment, the biomass stabilized, with biomass-relative water avail-
ability returning to values similar to those found in the control for-
est (average biomass-relative water availability of 3.89 ± 0.07 and 
3.65 ± 0.07 mm MgC−1 for the TFE and control forest, respectively). The 
biomass loss on the TFE clearly led to an increase in biomass-relative 
water availability (Fig. 1b); this was also related to an increase in growth 
of trees smaller than 30-cm diameter (Supplementary Fig. 2). This is 
consistent with their release from previous severe competition for 
water as predicted by recent theoretical formulations27.

Annual change in biomass (∆Biomass hereafter) was significantly 
lower in the TFE relative to the control forest during the transition phase, 
being negative or close to zero in most years (−7.39 ± 2.93 MgC ha−1 yr−1 
in the TFE compared to 0.17 ± 1.12 MgC ha−1 yr−1 in the control forest). 
Once biomass-relative water availability recovered, ∆Biomass in the 
TFE was mostly positive (1.42 ± 0.94 MgC ha−1 yr−1), but still lower than 
observed in the control forest (3.20 ± 2.69 MgC ha−1 yr−1) for that period 
(Fig. 1c). These results suggest that losses of aboveground wood bio-
mass in the TFE were greater than gains during the transition phase; 
however, currently carbon gains are greater than losses, switching 
from a biomass carbon source to a small sink.

Hydraulic homeostasis in trees after multidecadal drought
Individual trees were monitored during 2023 and 2024 to test whether 
levels of drought stress differed between treatments. This period 
included very pronounced wet and dry seasons, the latter related to 
global warming and the very strong El Niño Southern Oscillation epi-
sode of 202328. Therefore, we probably captured the two extremes of 
wet and dry conditions these trees are exposed to at the site. Our results 
showed that trees exposed to multidecadal soil drought were able to 
maintain their hydraulic function under the full range of conditions 
in both control and TFE plots. Individuals in the TFE plot showed daily 
transpiration rates similar to control trees throughout the year, while 
having a smaller drop in transpiration during the dry season (Fig. 2a 
and Supplementary Fig. 4). This indicated that the surviving TFE trees 
were able to maintain transpiration even under very dry conditions, 
contrasting with previous results in the same experiment during the 
earlier transition phase, which showed substantially reduced transpira-
tion in the dry season in the droughted TFE plot23,26.

TFE and control trees showed similar levels of hydraulic stress, 
as measured using the leaf WP at midday, both in the wet and the dry 

season (Fig. 2b and Supplementary Fig. 4b,d). This indicates that trees 
from both plots have similar access to water and the ability to transport 
it from roots to leaves. This is supported by the leaf WP at pre-dawn, 
which represents the hydraulic status of the soil and indicates similar 
water availability across the plots (Supplementary Fig. 4a,c). Soil water 
status measured during the dry season was similar to that observed in 
previous studies at the site during the same month25, suggesting that 
the pronounced wet season in early 2023 did not have a strong impact 
on soil water availability at the peak of the drought. However, we cannot 
entirely rule out the possibility that an exceptionally wet season may 
have delayed the drought’s effects on trees.

The similarity in current-day water status in trees from both plots 
was further underlined by our data, showing no differences in leaf rela-
tive water content (WC), that is, the amount of water held in leaves rela-
tive to their maximum (Supplementary Fig. 4d,f). Our results may have 
been affected by leaf water uptake, which may have acted to reduce the 
impact of water scarcity in the soil on leaf water status. However, this 
mechanism was previously estimated to account for about 8% of the 
annual transpiration at the study site29, meaning that trees still mainly 
rely on soil water availability to support their hydraulic function; thus, 
individual trees are responsive to soil water availability.

Maximum stem water content (WC) and the reduction in stem WC 
from annual maxima (that is, under fully hydrated conditions during 
the peak of the wet season) were also similar in trees from the two 
plots throughout the year (Fig. 2c and Supplementary Fig. 5), as was 
branch volumetric WC (VWC), the WC per unit volume in branches, in 
the peak of the dry season of 2023 (Supplementary Fig. 6). Together, 
these results confirmed that throughout the year (2023–2024) trees 
that experienced and survived multidecadal soil drought in the TFE had 
similar tissue hydration to non-droughted trees in the control forest, 
suggesting that water was not limiting functionality differently in the 
TFE relative to the control forest at this point.

The trees monitored were representative of the whole plot, with 
the genera sampled representing 60% of the basal area in the control 
plot and 30% of the basal area in the TFE. These trees also covered 
a range of sizes, from 10 to 160-cm stem diameter (Supplementary 
Table 1). The reported hydraulic patterns did not change when control-
ling for tree size and taxonomy, either separately or together (Meth-
ods). In the case of leaf WP, for which a bigger sampling effort was 
possible during the peak wet and peak dry seasons of 2023, results 
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Fig. 2 | TFE trees show hydraulic homeostasis. a–c, Individual transpiration 
measured as the daily individual maximum sap flow (a), maximum drought stress 
measured as leaf WP at midday (b) and maximum daily stem volumetric water 
content (VWC) (c), measured in trees from the TFE and the control plots for a year 
(May 2023 to May 2024) and at the peak of the wet and dry season (May 2023 and 
October 2023, respectively). The leaf WP was measured in 352 trees, 176 from the 
TFE and 176 from the control plot at the peak of the wet season (May 2023) and at 

the peak of the dry season (October 2023). Sap flow and stem WC were monitored 
throughout the year in a subsample of 42 trees representative of each plot (21 
trees per plot) (Supplementary Table 1 and Supplementary Figs. 3 and 5 for a 
month-by-month comparison). Statistical significance was tested using linear 
mixed models (Methods). NS, P > 0.05. The box plots represent the first, second 
and third quartiles; the whiskers represent the largest and smallest data points 
within 1.5 × interquartile range.
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using the whole dataset (352 trees) were not different from those using 
only the trees that were continuously monitored (that is, the 42 trees 
with sap flow and stem WC data; Supplementary Fig. 4). Therefore, we 
are confident that our sampling design allowed us to extract general 
patterns and minimize confounding factors related to any effects of 
taxonomic identity and tree size.

Altogether, these results point towards homeostasis in the hydrau-
lic function of surviving trees exposed to multidecadal drought.  
Surviving trees could transport water and maintain their hydraulic 
status even under the particularly dry conditions of 2023, when a more 
severe dry season driven by El Niño coincided with the TFE treatment. 
Given that adult trees have a relatively small capacity to acclimate to 
water deficit25,30, this new hydraulic homeostasis was probably reached 
because of structural changes at the individual and ecosystem level, 
which together increased the biomass-relative water availability and 
reduced drought stress for each surviving individual tree.

Eco-hydrological stability under drier conditions
Our data demonstrated that Amazon rainforests can persist under drier 
conditions, reaching eco-hydrological stability without evidence of 
drought stress, despite the continued implementation of a substan-
tive experimental soil drought. Eco-hydrological stabilization arises 
because of a loss of biomass leading to a smaller amount of biological 
water demand in the ecosystem, allowing surviving trees to access 
enough water to secure hydraulic homeostasis and growth (Fig. 3). 
Given this, the resilience to drought at the forest level after prolonged 
exposure to drought stress probably resulted from structural changes 
in the ecosystem, leading to changes in resource availability that coun-
teracted the effects of reduced soil water. The net effect was to prevent 
runaway biomass collapse in response to multidecadal soil drought, an 
outcome that might otherwise have been hypothesized based on the 

high drought-related mortality rates observed earlier in this experiment 
and in other natural 1-year drought or experimental contexts16,17,19,20, 
and based on some Earth system model predictions31.

The plot subjected to multidecadal drought (TFE) is still forested 
(that is, dominated by trees with a density greater than 20%, height 
greater than 5 m and a leaf area index greater than 3)32, rejecting the 
alternative hypothesis of ecosystem collapse and a rapid transition 
into a non-forested state1,3 in response to severe soil drought condi-
tions. Instead, the forest has transitioned to a more open canopy, 
with a lower number of top-canopy and emergent trees. The bio-
mass of this forest is smaller than the mean biomass of the Amazon 
rainforest (266 ± 85.15 MgC ha−1), but greater than the mean bio-
mass of tropical dry forests (124.96 ± 106.65 MgC ha−1) and savannas 
(49.00 ± 63.96 MgC ha−1), located in the Amazon region (Fig. 4 and 
Methods)33–36. In fact, this forest is significantly different from tropical 
moist forests, tropical dry forests and tropical savannas in terms of 
biomass, as reported using t-tests (P < 0.001; Methods), being closer 
to dry forests (difference to moist forest = 103.52 MgC ha−1; difference 
to dry forest = 38.69 MgC ha−1; difference to savanna = 115.49 MgC ha−1). 
These results were confirmed by recent biomass quantifications in 
the field, showing how this forest has higher values than contigu-
ous non-forested biomes such as in the Cerrado (20.4 ± 6.5 MgC ha−1) 
and Cerrado-Amazonian transition (32.4 ± 16.5 MgC ha−1)37, and lower 
values than the rainforests surrounding our study site in the North 
Amazonian-Guiana Shield (211.91 ± 5.03 MgC ha−1)38. In terms of annual 
biomass change, after being a clear biomass carbon source during the 
transition, the forest reached values close to zero, which are compara-
ble with other Amazon terra firme forests recently affected by natural 
drought39.

It is important to note that our observations of biomass loss under 
drought could be conservative relative to the effects of large-scale 
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phase refers to the TFE plot from 2016 onwards. The hydraulics data shown were 
sampled during 2023–2024. Illustrations created with BioRender.com.
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natural drought because they only consider the effects of soil drought 
over one hectare, which would be amplified by increased temperature 
and atmospheric dryness over larger areas40–42 as well as highly influ-
enced by differences in edaphic characteristics, and over longer time 
intervals, by distance to different seed sources.

Importantly, this experiment simulated a permanent reduction 
in rainfall rather than the increasing variation in water availability 
expected in the region, and induced only soil drought, while atmos-
pheric drought due to high vapour pressure deficit is also impor-
tant. The experiment reflected the site’s natural climatic variability, 
allowing us to examine how increased fluctuations in atmospheric 
moisture, particularly the extreme low values observed during the 
dry seasons of recent El Niño years, interact with soil drought. How-
ever, the combined effects of these factors with other stressors driven 
by biotic agents and disturbances such as strong winds, storms and 
fire43, as well as the potential concatenation of multiple exceptional 
droughts, could cause Amazon rainforests to lose more biomass or 
require more time to stabilize than observed in our study. In this con-
text, further work, most probably integrating ground measurements, 
remote sensing and modelled data, are needed to further elucidate if 
and how positive feedback between environmental forcing and Ama-
zonian forests could push these ecosystems beyond their capacity  
for resilience.

Our work demonstrates that a substantial part of the long-term 
response to drought by Amazonian rainforest is not only a consequence 
of tree-level responses but emerges from drought-induced changes on 

trees whose effects are imposed at the level of the ecosystem. While 
previous work showed that Amazon trees, especially larger individu-
als, have a low capacity to acclimate or adapt to future droughts25,30 
and that high rates of tree mortality are likely during shorter-term 
severe drought, we showed that forests can persist after prolonged 
soil drought, which may suggest it could recover and be resilient at the 
ecosystem level over longer timescales. This arises from negative feed-
back between drought-driven tree mortality and consequent changes 
in available soil water, which act to prevent drought-induced biomass 
collapse. Thus, our work also makes it clear that studies looking only 
at tree-level function are insufficient to understand the response of 
tropical forests to drought. Future analyses with a theoretical focus on 
ecosystem feedback coupled with long-term environmental response 
data, including experiments capable of capturing ecological changes 
at the ecosystem scale, are necessary to understand how climate 
extremes will affect large forested areas such as the Amazon. Impor-
tantly, the long-term eco-hydrological stability we report in this study 
only emerged after a highly disruptive transition phase, during which 
well over one-third of the biomass was lost, becoming a large biomass 
carbon source. If generalized over larger areas, the combined long-term 
results from this experiment suggest very large emissions of carbon 
dioxide to the atmosphere from drought-related tree mortality before 
eco-hydrological stabilization is re-established.

Methods
Site
The experimental site is located in the Caxiuanã National Forest 
Reserve, Pará State, Northern Brazil (1° 43′′ S, 51° 27′′ W). This site is a 
terra firme seasonal rainforest and receives 2,000–2,500 mm of rainfall 
a year, with four to six consecutive months of the year where less than 
100 mm falls from July to December. The site has yellow oxisol soil44 
and a mean air temperature of approximately 25 °C.

In January 2002, a TFE experiment was constructed on 1 ha of 
tropical rainforest. Transparent panels were installed 1–2 m above the 
ground to redirect approximately 50% of the rainfall to a system of gut-
ters. A trench was dug around the TFE to transport the water away from 
the experiment. A trenched control plot with no rainfall exclusion was 
established less than 50 m from the TFE. Consistent with some other 
large-scale manipulative studies, where large treatment effects are 
expected, the experimental treatment was not replicated for reasons of 
suitability, cost and maintenance, although as elsewhere pre-treatment 
data were recorded (see refs. 17 for more experimental details).

Data
Meteorological and soil moisture data. Meteorological variables 
were obtained from a weather station situated in a 40-m tower located 
in the control forest (see Supplementary Fig. 7 for meteorological data 
for 2023–2024). Temperature and relative humidity were monitored 
using HC2S3 (Campbell Scientific) and precipitation was monitored 
using a tipping bucket rain gauge (TE525MM, Campbell Scientific). The 
vapour pressure deficit was calculated from temperature and relative 
humidity using the bigleaf R package45.

Soil access pits were located in the control and TFE plots. In each 
soil pit, soil moisture was monitored at an hourly resolution using WC 
sensors (CS616, Campbell Scientific) at depths of 0, 0.5, 1, 2.5 and 4 m, 
which are expected to account for most of the cumulative root frac-
tion46. The total WC for the first 4 m of depth was calculated for each 
plot, multiplying the volumetric WC for each depth segment (0–0.5, 
0.5–1, 1–2.5 and 3.5–4 m) by the volume of the segment for a hectare 
(10,000 m2 × depth of segment). The resulting absolute WC values were 
summed to obtain the total WC in the first 4 m of depth (l m−2 or mm). 
Soil moisture time series data were available from 2008 onwards, so we 
assumed the first value (before TFE, that is, 2002) to be the mean for the 
whole period in the control forest, which was consistent with soil mois-
ture point measurements taken during that time47. All meteorological 
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forests, the green points as moist forests and the yellow points as savannas34–36. 
Control (green) and TFE (orange) data points are also shown, representing 
the observed slope (black arrow). Statistically significant different groups for 
biomass values reported using two-sided t-tests (P < 0.05) are represented by 
different letters (a, b, c, d). Our results showed how the TFE plot was significantly 
different from rainforests (t = 87.17, P < 0.001), dry forests (t = −62.61, P < 0.001) 
and savannas (t = −104.92, P < 0.001), while the control was not significantly 
different from rainforests (t = −1.22, P = 0.22) and significantly different from dry 
forests (t = −90.99, P < 0.001) and savannas (t = −126.23, P < 0.001).
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and soil moisture data were aggregated, calculating the mean per day, 
with the exception of precipitation, for which the sum was calculated.

Growth and biomass data. Since the beginning of the experiment, the 
stem circumference increment (growth) was measured at 1.3 m above 
the base for all trees with a diameter at breast height (DBH) > 10 cm 
using dendrometer bands, according to previous implementations48,49. 
Measurements were taken quarterly since the beginning of the experi-
ment, at the start of January, April, July and October, with the exception 
of 2008 and 2021, when data collection was not possible. For trees with 
buttresses, DBH was measured above the buttress using a ladder at a 
permanently marked location. Growth measurements higher or lower 
than three s.d. from the mean for each individual tree were removed. 
Individual growth is presented as stem increment (cm) per year. DBH 
was calculated from circumference growth by summing the current 
year growth divided by pi to the previous year DBH.

To estimate individual aboveground biomass from the DBH, we 
used allometric models, based on previous implementations in the 
same site16. First, the following allometric equation was used to calcu-
late tree height from the DBH50:

Height (m) = 227.35 (1 − exp (−0.139DBH0.5550))

Then, we applied a recently derived allometric equation specifically 
fitted for the site51 using the measured DBH (cm), the previously esti-
mated height (H, m) and wood density (WD, g cm−3) taken from the 
literature52. This allometric equation took the following form:

Aboveground biomass (kg) = 0.088 (WDH (DBH)2)
0.954

To account for uncertainty in wood density estimates, we calcu-
lated aboveground biomass for the higher and lower 95% CIs using the 
wood density s.e. Individual aboveground biomass was then aggre-
gated per plot and according to year, summing individual tree biomass 
(both for mean wood density and the higher and lower 95% CIs). Mean 
aboveground biomass per plot was also calculated according to the 
same procedure but using the mean instead of the sum. ∆Biomass was 
calculated as the difference in aboveground biomass between consecu-
tive years, divided by the number of years of difference between them. 
∆Biomass was reported for biomass using mean wood density and the 
higher and lower 95% CIs. We also calculated the WC per unit biomass 
by dividing the maximum annual absolute WC in the first 4 m of depth 
by the annual biomass (using mean wood density and higher and lower 
95% CIs), which we interpreted as a measure of biomass-relative water 
availability.

Biomass patterns were very similar to the one reported in ref. 16 
for 2002–2015, during which a 40% biomass loss in the TFE plot was 
reported. This variation in biomass estimates can be related to the fact 
that, in the previous work, diameters were measured using measuring 
tape while in the current study we used dendrometer bands, which 
were used more continuously, especially after 2015 (Methods). We also 
report biomass calculated using DBH measuring tapes (Supplementary 
Fig. 8); the estimated loss in biomass during the transition phase was 
of 84 MgC ha−1 (only 1 MgC ha−1 difference with the results reported in 
the main text) and in which the stabilization phase was also apparent 
from 2016 onwards.

Sap flow data. Sap flow for a total of 42 individual trees (21 in the 
control forest and 21 in the TFE) was monitored using EMS81 systems 
(environmental monitoring system (EMS); http://www.emsbrno.cz), 
which retrieved the whole-tree sap flow by using the heat balance 
method53 at a resolution of 15 min from May 2023 to May 2024. This 
sensor design is suitable for trees, has proved robust to the tropical 
environment and has previously been used with success to quantify 

sap flux at this site24,26. Eight small trees (<30-cm DBH), eight medium 
trees (>30-cm DBH and <60-cm DBH) and five big trees (>60-cm DBH) 
were sampled in each plot; when possible, species from the same genus 
were replicated in both plots (Supplementary Table 1). Sap flow per unit 
stem circumference (kg h−1 cm−1) was also calculated by applying the 
following equation provided by the EMS:

SFarea =
SFtree

A − (2pi B)

Where A is the tree circumference (cm) and B is the bark thickness (cm), 
which was measured following the standard procedure described by 
the EMS.

Sensors were installed in May 2023. To obtain the baseline sap 
flow data, we performed a 10% quantile regression for each individual 
tress using the rq function of the package quantreg54, setting hourly 
sap flow as a response variable and time as a predictor variable, and 
setting the tau argument to 0.1. We then used each individual model to 
predict values for the time period. Finally, we subtracted the predicted 
values from the raw values.

We aggregated the hourly sap flow data to daily data by calculat-
ing the 90% quantile and the sum. We also calculated the percentage 
of reduction in maximum daily sap flow relative to the annual maxi-
mum per individual tress as a measure of reduction in maximum daily 
transpiration over total capacity, which quantifies the regulation of 
transpiration. In the main text, we refer to these results as transpiration, 
according to previous studies using sap flow sensors24,26.

Leaf WP and relative WC data. To characterize individual hydraulic 
status and hydraulic stress, we measured leaf water potential (WP) for 
352 trees (176 trees per plot, representing 35% and 38% of the control 
forest and TFE plots, accounting for 59% and 34% of the basal area, 
respectively). Measurements were taken at pre-dawn (from 4:00 to 
6:00), when leaves are in equilibrium with soil water and at midday 
(from 11:45 to 14:00), when hydraulic stress is expected to be close 
to its maximum. One sun-exposed branch from the top of the crown 
was sampled in each case, and measurements were taken in a mini-
mum of two leaves per branch. Measurements were taken in the field 
immediately after collection using a pressure chamber (model 1505D, 
PMS Instruments; 0.05-MPa resolution). Leaf WP was measured at the 
peak of the wet season (May 2023) and at the peak of the dry season 
(October 2023).

We performed extra leaf measurements for the 42 trees for which 
we were monitoring sap flow (Supplementary Table 1). For these trees, 
we measured the WP of leaves obtained from three different branches 
from the top of the crown. WPs were taken in two leaves per branch. 
For each one of the three branches sampled, three to five leaves were 
bagged, minimizing the amount of air in the bag; they were stored in 
a dark isolated compartment, transported to the field station labora-
tories and weighed (Mfresh) using a precision balance (±0.1 mg). Right 
after each measurement, leaves were submerged in water for 12 h and 
reweighed for turgid mass at full hydrated state (Mturgid). Finally, leaves 
were oven-dried for a minimum of 24 h at 70 °C and reweighed for dry 
mass (Mdry). Relative water content (RWC) was calculated using the 
following equation:

RWC =
Mfresh −Mdry

Mturgid −Mdry

Leaf WP and RWC at pre-dawn and midday for these 42 trees were 
measured at the peak of the wet season (May 2023), the beginning of the 
dry season ( July 2023) and at the peak of the dry season (October 2023).

Branch wood volumetric WC data. During the peak of the dry season 
(October 2023), we complemented leaf measurements with branch 
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volumetric water content (VWC) at pre-dawn and midday for the  
42 monitored trees. Two twig segments were cut from each branch 
collected for leaf WP, measuring approximately 5–12 mm in diam-
eter (mean = 6.3 mm) and 30–50 mm long (mean = 42.1 mm). One 
segment was used to determine sapwood WC as follows: the branch 
diameter was measured with and without bark using vernier gauge 
callipers (±0.02 mm); the segment without bark was weighed (fresh 
mass, Mfresh) using a precision balance (±0.1 mg); volume (Vfresh) was 
measured using mass balance volume displacement; when present, the 
heartwood or pith diameter was measured; the segment was oven-dried 
for a minimum of 48 h and reweighed for dry mass (Mdry). The VWC was 
determined as:

VWC =
Mfresh −Mdry

Vfresh

Stem volumetric WC data. We installed frequency domain reflectom-
etry sensors to measure WC in the 42 monitored trees (Supplementary 
Table 1) at a resolution of 15 min according to the method described in 
ref. 55. To do this, we first selected a position sheltered from the sun, 
when possible, and then carefully removed the bark from a small area 
at breast height. We then drilled parallel holes into the sapwood mak-
ing sure that the drill bits were the same length as the sensor needles. 
To maximize accuracy during this process, we used a drill guide. The 
3-mm drill bit was slightly thinner than the sensor needles (3.175 mm), 
assuring close contact between the sensor and the woody tissue. Once 
the sensor was in place, it was sealed using a silicon-based sealant to 
ensure no interaction with the atmosphere. Finally, we covered all 
sensors with solar radiation shields (for a detailed description of the 
whole process, see https://github.com/lionmartius/Splish-Splash-Sap). 
Sensors were installed in May 2023.

Data were calibrated using tropical tree calibration55; temperature 
correction was applied by calculating the difference in temperature 
from the mean, then multiplying it by the temperature effect reported 
in a previous study at the same site55 and subtracting this value from 
the measured values:

Temperature corrected VWC = VWC − Tdiff × b

where Tdiff is the difference between measured and annual mean tem-
perature (reference point) and b is the temperature effect (−0.000974).

Amazon basin data. We obtained global products on biomass33, pre-
cipitation56 and evapotranspiration57 data and cropped them to keep 
only the Amazon basin area. We also obtained a land cover map for the 
Amazon basin34,35 and a delimitation of the dry forest areas in South 
America (data obtained from http://www.dryflor.info/data)36 (all data 
were accessed in July 2024). After homogenizing raster projections 
using the raster R package58, we sampled 10,000 coordinates in areas 
classified as rainforest, 10,000 coordinates in areas classified as dry 
forests and 10,000 coordinates in areas classified as savanna through-
out the Amazon basin. We ensured that the distribution of the sampled 
coordinates was similar to the one shown for the whole rainforest, dry 
forest and savanna areas (that is, the same range and mean). We then 
extracted biomass, precipitation and evapotranspiration data for the 
sampled coordinates. Finally, we calculated actual water availability 
by subtracting evapotranspiration from precipitation, as a proxy of 
water available in the soil, following previous implementations of 
water balance, assuming a negligible effect of surface run-off and 
deep drainage59.

Statistical analyses
All statistical analyses were conducted in R60. All response variables 
were log-transformed to improve the normal distribution of linear 
model residuals, except for the variables representing reduction in 

transpiration and stem WC, which were transformed using the square 
root transformation. With regard to negative variables (leaf WPs), the 
absolute value was calculated before transformation. Linear mixed 
models were performed using the lme4 R package61, and linear models 
using the stats package. All spatially explicit data were processed using 
the raster, terra and sf R packages58,62,63.

Statistical analyses of plant hydraulics. To test whether drought still 
had an impact on the hydraulic function of individual trees, we com-
pared hydraulic measurements taken in trees exposed to multidecadal 
drought and trees under normal conditions during 2023–2024.

To assess the differences between plots in individual maximum 
daily sap flow and daily sap flow reduction from the annual maxima, 
we used linear mixed models, including plot and diameter as a fixed 
effect, and individual nested within genus as a random effect. We also 
implemented models excluding genus and diameter; the results con-
verged. Comparisons were made for the whole period (May 2023 to May 
2024) and separately for each month (Fig. 2a and Supplementary Fig. 4).

To assess differences between plots in individual leaf WP, we used 
linear mixed models, including these as response variables, plot and 
diameter as the fixed effect and genus as the random effect. Com-
parisons were made for the high-density sampling campaigns (n = 352, 
May and October 2023) and for campaigns performed in monitored 
trees (n = 42, May, July and October 2023) (Fig. 2a and Supplementary 
Fig. 4). When analysing monitored trees, the random effect was modi-
fied to include individual nested within genus because three branches 
per individual were measured. Differences in leaf WC and branch WC 
between plots were also analysed using mixed models, including plot 
and diameter as the fixed effect and individual nested within genus as 
the random effect (Supplementary Fig. 4). In all cases, we also imple-
mented models excluding genus or diameter; the results converged.

To assess the differences between plots in individual stem WC 
and WC reduction, we used linear mixed models, including plot and 
diameter as the fixed effect and individual nested within genus as 
the random effect. We also implemented models excluding genus or 
diameter; the results converged. Comparisons were made for the whole 
period (May 2023 to May 2024) and separately for each month (Fig. 2c 
and Supplementary Fig. 5).

The effects of size and taxonomy on the hydraulic variables were 
evaluated independently by quantifying the variance explained by 
genus and DBH using linear models (Supplementary Table 2). Diameter 
had a very small effect on hydraulic variables, whereas genus had a 
larger effect. However, results including and excluding diameter and 
genus separately and together converged, demonstrating that even 
if genus may have a strong predictive power, it does not affect the 
direction or the magnitude of the plot effect, which is the one we are 
interested in. However, future studies with higher replication at the 
genus level will help further evaluation of taxonomic and phylogenetic 
effects on Amazonian tree hydraulics; this is beyond the scope of the 
current work, in which we focused on differences between plots and 
not on the specific drivers of variability in hydraulic metrics.

Statistical analyses of tree density and biomass. To better under-
stand the drivers of forest biomass changes, we tested for relation-
ships between tree density and biomass. We were interested in the 
effects of total tree density, emergent and top-canopy tree density, 
and subcanopy and low canopy tree density on plot total and mean 
biomass. To do so, we first classified trees into two groups related 
to their size and exposure to the top of the canopy: top-canopy and 
emergent trees, with a DBH greater than 30 cm and subcanopy trees, 
with a DBH smaller than 30 cm (equivalent to a height of around 30 m, 
as reported by the allometric function described above, this being the 
mean tree canopy height of the control plot of 22 m for all trees with 
a DBH greater than 10 cm). Then, we used linear models, including 
annual forest biomass as a response variable and tree density (either 
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total, emergent or subcanopy), as an explanatory variable, using data 
from the TFE and control forest separately. To account for the effects of 
temporal autocorrelation, we also included year as a covariate, which 
did not change the significance of the results (Supplementary Fig. 1).

Statistical analyses of tree growth. To complement the hydraulic 
results on evaluating differences in tree physiology, we also analysed 
differences in individual growth between plots. To do so, we used mixed 
models, including annual individual growth as a response variable and 
plot as a fixed effect, while setting individual nested within genus as 
the random effect. We report the plot effect on individual growth for 
emergent and subcanopy trees (see the previous section), showing how 
subcanopy trees tend to present higher growth after the stabilization 
phase (Supplementary Fig. 2).

Then, we tested whether the changes in growth were related to 
biomass-relative water availability. To test this, we used linear models, 
including mean growth for emergent and subcanopy trees as a response 
variable and WC per unit of biomass as an explanatory variable, using 
data from the TFE and control forest, separately. To account for the 
effects of temporal autocorrelation, we also included year as a covari-
ate, which did not change the significance of the results (Supplemen-
tary Fig. 1). We reported how higher biomass-relative water availability 
was related to higher mean growth in the TFE plot.

Statistical analyses of whole Amazon basin datasets. To better con-
textualize our results within the whole Amazon basin, we positioned 
the two plots (control forest and TFE) in a scatter plot, showing the rela-
tionship between biomass and actual water availability (precipitation 
− evapotranspiration) for the forests of the Amazon basin, including 
rainforest, dry forest and savanna. To facilitate visualization, only 1,000 
points per group (rainforest, dry forest and savanna) were plotted. In 
the Caxiuanã plots (control forest and TFE), we used the annual soil WC 
(the mean for 2017–2023) as a measure of hydrological water availabil-
ity. Then, we used t-tests in the stats R package to evaluate whether the 
two plots were significantly different from the biomass distributions, 
previously log-transformed, for rainforest, dry forest and savanna. 
Our results showed how the TFE plot was significantly different from 
rainforests (t = 87.17, P < 0.001), dry forests (t = −62.61, P < 0.001) and 
savannas (t = −104.92, P < 0.001), whereas the control forest was not 
significantly different from rainforests (t = −1.22, P = 0.22), this being 
significantly different from dry forests (t = −90.99, P < 0.001) and savan-
nas (t = −126.23, P < 0.001).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The minimum dataset needed to replicate the analyses is available via 
figshare at https://doi.org/10.6084/m9.figshare.27960801 (ref. 64).

Code availability
The code used is available via GitHub at https://github.com/pablo-
sanchezmart/Sanchez-Martinez-etal-2025-Amazon-rainforest-ecoh
ydrological-adjustment (ref. 65).
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