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Significance

Explaining the distribution of 
vegetation is a long-standing 
challenge in ecology. In the 
tropics, forests have been 
associated with areas of high 
rainfall and low fire occurrence, 
while savannas dominate where 
rainfall is lower, and fire is 
frequent. However, in many 
landscapes, both vegetation 
types coexist, with savanna 
(forest) pockets occurring within 
forest (savanna) dominated 
areas. Using modeling and 
remote sensing, we show that 
one mechanism driving this 
coexistence is hydrology. In areas 
where the water table varies 
seasonally from too shallow 
(waterlogging) to too deep 
(drought), savannas are favored 
even if rainfall is high. 
Considering this mechanism 
alters our predictions of forest–
savanna dynamics under a 
changing climate.
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Forest–savanna boundaries are ecotones that support complex ecosystem functions and 
are sensitive to biotic/abiotic perturbations. What drives their distribution today and 
how it may shift in the future are open questions. Feedbacks among climate, fire, her-
bivory, and land use are known drivers. Here, we show that alternating seasonal drought 
and waterlogging stress favors the dominance of savanna-like ecosystems over forests. 
We track the seasonal water-table depth as an indicator of water stress when too deep 
and oxygen stress when too shallow and map forest/savanna occurrence within this 
double-stress space in the neotropics. We find that under a given annual precipitation, 
savannas are favored in landscape positions experiencing double stress, which is more 
common as the dry season strengthens (climate driver) but only found in waterlogged 
lowlands (terrain driver). We further show that hydrological changes at the end of the 
century may expose some flooded forests to savanna expansion, affecting biodiversity 
and soil carbon storage. Our results highlight the importance of land hydrology in 
understanding/predicting forest–savanna transitions in a changing world.

forest savanna transitions | Amazon | hydrology | tropical ecology

The distribution of forests and savannas in the Neotropics has long been linked to 
large-scale rainfall patterns (Fig. 1A). Forests dominate where rainfall is high, whereas 
savannas dominate where it is low, with a range of rainfall conditions in between where 
both vegetation types coexist (1, 2). One theory explaining this coexistence considers 
forests and savannas as alternative stable states (SI Appendix, Fig. S1 B and C); i.e., both 
are possible states, but shifting from one to the other through disturbances in mean annual 
precipitation (MAP), fire, herbivory, and consequent feedbacks (1–4). This theory is 
consistent with the fact that forest–savanna boundaries are often narrow in space because 
positive feedbacks tend to stabilize the vegetation in one of the stable states (3).

At the landscape scale, topography redistributes water from hills to valleys and determines 
how quickly excess water can be drained, creating fine-scale mosaics of excessive, adequate, 
and poorly drained patches (or niches) under the same rainfall (SI Appendix, Fig. S2). While 
under the hills the water table (WT) is deep, and plants rely mostly on past rainfall stored 
in the soil, a shallow WT in the valleys can provide plants with sufficient water to meet 
dry-season evapotranspiration demand (5). However, when the WT is too shallow, fluctu-
ating within the root zone, the stress of waterlogging and anoxia stresses plants and limits 
rooting depth (6, 7). The “hydrologic niche theory” argues that species segregate according 
to trade-offs from drought adaptations in one end to waterlogging adaptations in the other 
(8–10). In between lies the physiological challenge of tolerating double stresses alternating 
between the wet (waterlogging) and the dry (drought) seasons.

Empirical evidence and ecological theory suggest an inherent conflict or trade-off 
between plant traits adapting to waterlogging and those adapting to drought (11, 12). 
Waterlogging restricts roots to shallow depths, while deeper roots are often needed to 
escape drought, and seasonal switching between shallow and deep roots would require 
fast root turnover, imposing high metabolic costs at the expense of biomass production 
(13), thus favoring species that can complete full aboveground life cycles in a short 
season, replacing aerial organs following the waterlogging and drought cycles (14). 
This framework of vegetation tolerance to multiple abiotic stresses (11) has been useful 
for understanding species distribution at the local level based on their ability to cope 
with these stresses (8–10, 15). However, the tradeoff in the context of double stresses, 
central to the niche hypothesis, has mostly been demonstrated for herbaceous species, 
in the strict sense of ref. 8. Here, we test this hypothesis at the ecosystem level to explain 
forest–savanna coexistence across tropical South America.

Here, we suggest that in lower topographic positions subject to high variability in the 
WT—too deep in the dry season and too shallow in the wet season—vegetation faces the 
“double stress” of waterlogging and drought. We hypothesize that the intensity of the 
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double stress combined with rainfall seasonality filters out high 
tree cover vegetation (forest) and favors low tree cover, savanna-like 
vegetation. To test our hypothesis, we use remotely sensed tree 
cover as a first-order indicator of vegetation structure, excluding 
all pixels affected by anthropogenic land use change (SI Appendix), 
and following the conventional tree cover threshold of 60% to 
distinguish between forests (above 60%) and savannas (below), as 

in previous studies of the tropics (1). While we fully appreciate 
the wide-ranging life histories, functional types, species, and eco-
logical strategies arising from the immense biodiversity of forest–
savanna transitions, here we use a simple threshold, based on the 
multimodal distribution of tropical vegetation (1, 2), differenti-
ating between forests and savannas to focus on the basic hydrologic 
mechanisms which shape the first-order vegetation structure.

A

B

Fig. 1. Rainfall and water table variability control patterns of forest–savanna abundance across tropical South America. (A) Forest (tree cover > 60%) and savanna 
occurrence along annual rainfall gradient. We define three rainfall classes based on potential analysis (SI Appendix, Fig. S1): low (<1,400 mm y−1, where only 
savannas are stable), intermediate (1,400 to 1,800 mm y−1, where forests and savannas are bistable), and high (>1,800 mm y−1, where forests are stable). We use 
three drainage classes based on sum exceedance values: deep water table (drought stress, water table always below 2 m); alternating shallow and deep water 
table (WT fluctuates above 0.25 m and below 2 m); and shallow water table (always shallower than 0.25 m). (B) Histograms showing tree cover distribution in 
each rainfall-drainage class, with relative abundance of forest and savanna. Increasing rainfall systematically favors higher tree cover vegetation, while along 
drainage gradient, forest cover is the lowest at the fluctuating WT class, at which landscape positions vegetation experiences double stress.

http://www.pnas.org/lookup/doi/10.1073/pnas.2301255120#supplementary-materials
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We use monthly WT depth as a first-order indicator of drought 
(WT too deep too often) and waterlogging (WT too shallow too 
often), following the seminal study of Silvertown et al. (8). 
However, very few WT observations exist (SI Appendix, section 4.3) 
that i) can resolve seasonal dynamics for more than one growing 
season; ii) sampled the full range of land drainage conditions from 
excessively drained plateaus to perennial waterlogged floodplains; 
and iii) span the full range of seasonality in rainfall across the 
neotropics. Thus, we resort to a continental high-resolution (~1 
km) inverse hydrologic model, that uses the observed climate, leaf 
area index, soil, and topography to constrain the resulting seasonal 
WT dynamics, at daily steps over 15 y (2004 to 2018) (5). We 
validated our model results against available observations at 103 
flux-towers, 4,885 groundwater wells for annual mean and 12 wells 
for seasonal WT depth, 34 river basin stream gages, and 
GRACE-satellite terrestrial water storage change at 6 representative 
windows in Amazônia (5° × 5°) (see Materials and Methods and 
SI Appendix, section 3 for details). Without any calibration, our 
model reproduces the observed seasonal dynamics of evapotran-
spiration (point-scale vertical flux, soil to atmosphere), WT depth 
(point-scale storage via vertical recharge and lateral hill-to-valley 
convergence), drainage basin water balance (areal integrated 2-way 
groundwater-river exchange modulated by channels-floodplains), 
and terrestrial water storage (vertical integrated soil, surface, and 
groundwaters over large domains), thus constraining hydrologic 
stores and fluxes in three dimensions at point to Amazon basin 
scales. We consider our model results sufficiently realistic for assess-
ing the impact of seasonal land hydrology on first-order vegetation 
structures. We fully acknowledge that models are not observations, 
but in the absence of observations, mechanistic models that capture 
the basic hydrologic processes and are validated with available 
observations at multiple scales allow us to achieve our goals.

We note that the model simulated WT dynamics reflect vegeta-
tion water uptake determined from satellite-observed seasonal bio-
mass (leaf area index). Transpiration from large biomass during the 
dry season drives high soil water uptake, which is distributed by 
Ohm’s law to multiple soil layers (6), and the dynamic root uptake 
driven by satellite-derived biomass effectively lowers groundwater 
recharge and WT depth. The effect of plant uptake on WT depth 
can be appreciated by comparing the mean WT without dynamic 
root uptake (SI Appendix, Fig. S3A after ref. 16) vs. with dynamic 
and deep root uptake (6), the latter including vegetation feedback 
on the physical hydrology (SI Appendix, Fig. S3B).

Drainage and Climate Controls on Tree Cover

To determine the effects of climate on forest–savanna coexistence, 
we first use potential analysis (SI Appendix) using tree cover from 
the Moderate Resolution Imaging Spectroradiometer (MODIS) 
satellite and MAP from ERA5 (17) to divide tropical South 
America into three rainfall classes (Fig. 1B, columns): low (<1,400 
mm y-1), where savanna is the only stable state; intermediate 
(between 1,400 and 1,800 mm y-1), where both savannas and 
forests are possible stable states; and high rainfall (above 1,800 
mm y-1), where forests are the only stable state. Then, to explicitly 
describe the role of land drainage in shaping vegetation distribu-
tion at smaller spatial scales than climate, we use our 15-y monthly 
time series of WT depth to create three drainage classes (Fig. 1B, 
rows): stable, deep WT (always below 2 m); stable, shallow WT 
(always above 0.25 m); and unstable WT, alternating between too 
shallow (above 0.25 m) and too deep (below 2 m). For each com-
bination of rainfall-drainage class, we quantify the relative abun-
dance of forest vs. savanna (Fig. 1B) by first classifying a pixel as 
either forest or savanna (using the 60% tree cover threshold 

mentioned above) and then computing the area occupied by either 
vegetation types. This approach allows us to differentiate the struc-
turing effects of i) changing rainfall for the same drainage positions 
and ii) changing drainage conditions under the same rainfall.

Forest vs. savanna coexistence is modulated by both rainfall 
and drainage. Independently of drainage position, forest abun-
dance increases as rainfall increases (Fig. 1 B, Left to Right), 
consistent with increasing water supply and decreasing season-
ality, which is highly correlated with rainfall totals in the study 
area. Feedback mechanisms favoring the forest state also get 
stronger with increasing rainfall, such as reduced fire frequency 
and intensity (3, 4). Stable drainage positions, either too deep 
or too shallow, do not seem to influence the relative proportion 
of forests and savannas across rainfall classes. They mirror the 
pattern predicted by rainfall alone, except perhaps for a small 
increase in forest proportion in low rainfall but shallow WT 
areas, consistent with groundwater-supplied riparian forests in 
savannas (18).

Where an unstable WT is present, with alternating waterlogging 
and drought stresses, savannas are highly favored and show greater 
proportions than in other drainage positions in all three rainfall 
classes. This is most striking in the intermediate rainfall class, thus 
pointing to hydrologic regulation of forest and savanna coexistence 
in the “bistability range”, where both states are stable according to 
rainfall levels alone. These results show that hydrology provides 
another axis of environmental control on the abundance of forests 
and savannas in the bistability range and is thus able to initiate 
vegetation state shifts if variability (and thus double stress) increases.

We thus expect forests and savannas to occupy unique positions 
in a hydrological space defined by waterlogging stress and drought 
stress. Following ref. 8, we define hydrological stress using the sum 
exceedance values (SEV), which in our case represent the number 
of months in a year when the WT is above or below a certain 
threshold for each model cell. For drought stress, we calculate the 
drought SEV using the number of months the WT is deeper than 
2 m. For the waterlogging SEV, we use the number of months the 
WT is shallower than 0.25 m. We then use a 2-dimensional space 
to evaluate forest/savanna abundance in each combination of 
drought and waterlogging stress.

We first build a conceptual model, where flooded forests occupy 
the leftmost column of zero drought stress but varying degrees of 
waterlogging. Terra firme forests and upland savannas occupy the 
lowermost row of zero waterlogging but varying degrees of drought 
stress. From the lower left corner moving up diagonally, the fre-
quency of double stress increases, forest abundance progressively 
decreases, and savannas become the dominant vegetation type 
along the “boundary line” (as defined by ref. 12) of the hydrolog-
ical stress space where double stress is the highest. We then show 
in Fig. 2B our results, using the SEVs derived from modeled WT 
and quantifying the area occupied by forests in all cells belonging 
to each waterlogging and drought SEV combination, using 
MODIS Tree Cover.

Savannas increase in dominance as the degree of double stress 
increases (Fig. 2B), in line with our conceptual model. While for-
ests seem progressively favored as the degree of waterlogging stress 
only increases (leftmost column), and forests and savanna propor-
tions are roughly similar when the only stress is drought (bottom 
row), savannas become progressively more prevalent as double 
stress increases (moving diagonally from the origin). This is con-
sistent with our hypothesis and the trade-off postulated by ref. 12, 
reinforcing that drought and waterlogging combined pose a con-
flict for vegetation, especially forests (high tree cover), which are 
replaced by lower tree cover, savanna-like vegetation as double 
stress increases.

http://www.pnas.org/lookup/doi/10.1073/pnas.2301255120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301255120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301255120#supplementary-materials
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http://www.pnas.org/lookup/doi/10.1073/pnas.2301255120#supplementary-materials
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We then use the harmonic mean of waterlogging and drought 
stress to create the double stress index (SI Appendix), which we 
use to classify all cells in our study area according to the degree 
of double stress (Fig. 2C). While weak double stress (few months 
of alternated drought and waterlogging) can occur in low season-
ality areas, such as the floodplains of Central Amazônia, areas 
exposed to high double stress (closer to 6 mo of drought followed 
by 6 mo of waterlogging) are mainly on the northern and south-
ern margins of Amazônia where seasonality is higher. Increasing 
seasonality causes increasing seasonal swings in WT, in and out 
of plant root zones in a more extreme fashion as the dry season 
lengthens.

Combining this map and the knowledge of “iconic”, long-studied 
floodplains in tropical South America, we select six locations across 
a rainfall gradient to explore the effects of double stress at the 
local-to-regional scale. For each location, we plot i) the distribution 
of mean monthly rainfall and WT depth to quantify the rainfall 
and hydrologic stresses and ii) the tree cover distribution for 
double-stressed areas (dashed line) and non-double-stressed areas 
(solid line) (Fig. 3).

Double stress, MAP, and seasonality act together to shape the 
relative distribution of forest and savanna (Fig. 3 and SI Appendix, 
Tables S8 and S9). In the Pastaza-Marañón Foreland Basin 
(PMFB), Peru, high annual rainfall and low seasonality overwhelm 

A

C

B

Fig. 2. Double stress of drought and waterlogging jointly define the hydrologic niches for neotropical forests and savannas. (A) A conceptual model and 
hypothesis of likely vegetation structure in the double-stress space. Where vegetation does not suffer from any stress and can continuously access the WT, we 
hypothesize that forests dominate. In places exposed to drought-only (single stress), forests and savannas are possible states, controlled by factors such as 
rainfall and seasonality (1, 2). Where waterlogging is the only stress, forests can dominate, especially those with adaptations to prolonged waterlogging such 
as the floodplain várzea and igapó forests of Amazônia (19). Where double stress occurs, savannas are hypothesized to be the dominant vegetation type. (B) 
Forest dominance (percent of area of forest) in the double stress space, ranging from 0 (savanna-dominated) to 100 (forest-dominated). The horizontal axis 
shows the frequency in months of WT falling below 2 m depth (drought stress), and the vertical the frequency of WT rising above 0.25 m depth (waterlogging 
stress); (C) a map of South America at the 9 arc-min resolution (~18 km around the Equator) depicting three classes of double stress, defined using the double 
stress index (DSI): no double stress (single and no stress areas in the conceptual model), weak double stress (e.g., 2 mo of waterlogging, 2 mo of drought, and 
8 mo of no stress), and strong double stress (e.g., 6 mo of waterlogging and 6 mo of drought). White pixels correspond to areas excluded from analyses (e.g., 
open water, agriculture, and high elevations).

http://www.pnas.org/lookup/doi/10.1073/pnas.2301255120#supplementary-materials
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the possible negative influence of double stress by limiting WT 
variability and providing stable rainfall supply even when WT 
fluctuates, and both double-stressed and non-double-stressed areas 
have very similar tree cover distribution. As seasonality increases 
and rainfall reduces, the effects of double stress start to appear. In 
the Llanos de Orinoco, Venezuela, and Marajó Island, Brazil, the 
dry season extends for 4 mo, sufficient to generate a ~2.5 m drop 
in WT levels of waterlogged regions from wet to dry season. As 
such, savanna proportion increases in double-stressed areas 
(SI Appendix, Table S5). However, despite similar seasonality, 
higher annual rainfall in Marajó Island is associated with higher 
forest occurrence, with the same pattern observed for the Llanos 
de Moxos, Bolívia (higher rainfall, more forest) when compared 
to Bananal Island (more seasonal, less forest). At the extreme of 
the rainfall-seasonality gradient is the Brazilian Pantanal wetland, 
which shows very similar tree cover distribution for double-stressed 
and non-double-stressed areas, with only slightly less forests for 
double-stressed areas.

Future Changes in Double Stress

In the light of our findings, the pressing question of how present-
day forests may shift to savannas under a warming climate may 
hinge on how the double-stressed landscape positions may shift 
in the future. We identify the landscape positions that may expe-
rience such shifts using a historic (1990 to 2000) and a future 
(2090 to 2100) hydrologic simulation for the Amazônia using 
the same model but forced by historic and future climate from 
the Hadley Center model (20). We focus our analyses on pixels 
which are presently classified as forest and not subject to double 
stress, but which, according to our future simulation, will be 
exposed to double stress and thus exposed to the risk of shifting 
into savannas.

Increased double stress from higher rainfall seasonality in the 
future simulation exposes large areas of tropical South America, 
particularly the interior of Amazônia, to the risk of vegetation 
shifts (Fig. 4). Floodplain forests of the Amazonas, Madeira, and 

Fig. 3. Assessing the role of climate and drainage in shaping tree cover for six floodplains in tropical South America. The central map displays tree cover in 
tropical South America, with the selected floodplains highlighted. For each floodplain, we provide (1) MAP and dry season length (DSL) as measures of climatic 
stress; (2) mean monthly rainfall (black bars) and WT depth in waterlogged areas (blue line); and (3) tree cover distribution for double-stressed cells (dashed 
line) compared to non-double-stressed cells (solid line), measuring the hydrologic stress. The red dashed line shows the tree cover threshold between forest 
and savanna. Savanna prevalence increases with decreasing precipitation and increased seasonality (distributions shifting from Right to Left). Double-stress 
conditions favor savanna over forests under local climates, as indicated by the higher density of low tree cover in double-stressed areas. A detailed comparison 
of savanna and forest coverage in double-stressed and non-double-stressed areas for each floodplain can be found in SI Appendix, Table S5.

http://www.pnas.org/lookup/doi/10.1073/pnas.2301255120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301255120#supplementary-materials
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Upper Negro Rivers, recognized as some of the most diverse flood-
plain forests in the world, with a high level of endemism (21), are 
particularly affected in this simulation, together with forests on 
the toe slopes of the Andes and the Venezuelan forests which 
transition into the Llanos de Orinoco. Although we demonstrate 
that the hydrologic environment can potentially shift, vegetation 
shift is limited by biological processes. Fast vegetation response 
has been documented for burned igapó flooded forests in the 
Middle Rio Negro, with vegetation shifts toward “white-sand 
savannas” occurring on relatively short timescales (~40 y) (22). 
However, while the conditions for potential vegetation shift—the 
hydrological stress of alternating waterlogging and drought—may 
be present in a larger area in Central and Western Amazônia than 
previously thought, the magnitude and timing of vegetation 
change is likely to be controlled by local factors. Forest composi-
tion, function, and local environmental dynamics should play a 
key role in shaping the actual response of forest to the new double 
stress, and more research is needed to determine the vulnerability 
of each forest type to this framework of hydrological stress.

Discussion

The WT seasonality in lowlands is closely tied to rainfall season-
ality. In the neotropics, the dry season can be absent in the 
Peruvian Amazônia to lasting 6 mo in southeastern Amazônia 
and the Brazilian Cerrado (23). During such long dry seasons, 
even waterlogged floodplains can experience temporary droughts, 
with WT falling far below the reach of the shallow roots, a char-
acteristic feature of waterlogged ecosystems (6, 24). Fire also 
intensifies in the dry season, and due to the shallow exposed root 
mats of floodplain vegetation, fire can cause greater damage (25). 
Due to shorter favorable growth conditions and low nutrient 
levels (in black- and clearwater floodplains), tree recovery from 

fire is slow (22, 26). This opens a niche for sparser vegetation to 
occupy, especially fast growing C4 grasses, recognized as the 
earliest tropical floodplain occupants (3, 27). Increase in dry-
season dead grass biomass fuels more fires, and associated feed-
back loops help prevent tree establishment on seasonally flooded 
and droughted landscape positions.

Such areas of alternating waterlogging and drought have been 
associated with hyperseasonal savannas (28) of dominantly her-
baceous cover (29, 30), in part because roots of woody savanna 
species are waterlogging intolerant (18). Double-stressed savannas 
have a distinct floristic composition (29) from the more well-known 
Brazilian Cerrado vegetation, rich in eudicots (31). These hyper-
seasonal savannas are largely dominated by graminoids which 
couple aboveground phenological cycles with the waterlogging 
and drought cycles (29). Trees are largely excluded from commu-
nity assemblages in these double-stressed areas, except for a few 
deciduous taxa that shed leaves in the dry season to avoid droughts. 
This strategy, however, requires higher nutrient availability (32), 
which is not the case in most neotropical savanna soils that are 
largely acidic and nutrient-poor (33). Graminoid species, on the 
other hand, can more easily cope with droughts. By coupling aerial 
biomass production with environmental cycles such as waterlog-
ging and drought, these species are able to optimize productivity 
when conditions are less stressful (14, 29, 34). Ample field evi-
dence shows that in the highly seasonal neotropics, while the ele-
vated landscape positions support woody vegetation, the seasonally 
flooded and droughted lower slopes do not (35–39).

Our findings suggest that land hydrology may underlie forest–
savanna coexistence under the same climatic conditions (Fig. 3), 
particularly in the rainfall bistability range (Fig. 1B and SI Appendix, 
Fig. S1) by creating conditions for double stress on trees. Nonetheless, 
land hydrology may also potentially contribute to the coexistence 
of both alternative stable states at the landscape level by regulating 

A
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B

Fig. 4. Forest areas today that can be potentially converted to double-stressed, savanna-dominated conditions by the end of the 21st century. (A) Percent of a 
0.25° window occupied by present forests exposed to future double stress, illustrating the effect of increased hydrological variability on the major floodplains 
and peatlands in tropical South America; (B–E) higher-resolution (2 km) Insets for 2° × 2° boxes in A showing tree cover (green-yellow, same as in Fig. 2) and forest 
pixels today that may change to savanna-like vegetation (in purple) at the end of the 21st century.

http://www.pnas.org/lookup/doi/10.1073/pnas.2301255120#supplementary-materials
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other types of stresses. For example, an exceptionally dry year could 
expose floodplain forests to more intense drought stress, favoring 
fires which could potentially force and trap vegetation into a more 
open-canopy, savanna-like state (26). Similarly, wetter than average 
years could extend waterlogging and reduce drought, favoring the 
establishment of drought- and fire-intolerant trees. It is therefore 
crucial to consider land hydrology as an environmental driver that 
operates at longer timescales than climate processes.

A comparison between present and future simulations of 
hydrologic stress shows that floodplain forests of the Amazonas, 
Madeira, and Upper Negro Rivers, recognized as some of the 
most diverse floodplain forests in the world, with a high level of 
endemism (21), will likely be affected. This differs from the prev-
alent understanding that forest loss from a warming climate will 
be mostly restricted to eastern and southern Amazônia (40–44), 
with some also pointing to higher risk for forests on the eastern 
slopes of the Andes (45). Accounting for double stress suggests 
that vegetation shifts can penetrate much deeper into the heart 
of Amazônia Forest, affecting 4,000,000 km2 of forest (~1.4%) 
through tropical South America. Western Amazônia, home to 
some of the most biodiverse forests in the world (46, 47), might 
also be affected. Large areas of peatlands, such as the PMFB in 
Peru, might be exposed to reduced waterlogging and increased 
drought. These areas store large amounts of peat carbon, with 
the PMFB carbon stock estimated at 3.4 (0.44 to 8.15) PgC (48) 
and the entire lowland Peruvian Amazônia at 5.38 (2.55 to 
10.58) PgC (49). Enhanced drainage, forest collapse, and 
increased fire frequency (26, 50) might thus affect large reservoirs 
of peat, preventing accumulation and leading to decomposition 
and consequent release of CO2 into the atmosphere (51–53) 
accelerating warming. We argue that global change research can 
benefit from a sharpened focus on hydrologic change, which is 
driven by climate change but strongly mediated by the stable and 
structured terrain.

Materials and Methods

A detailed description of all methods is available in the accompanying 
SI Appendix. Below we summarize the methodology and data processing behind 
the main analyses described throughout the text.

Study Area and Data Processing. We focus on tropical South America, defined 
within the 35°S–15°N latitudinal range by previous studies on forest–savanna 
distribution across the continent (1, 54–56). To eliminate potential temperature 
influences on vegetation due to high altitude, which could mask the effects of 
water (our focus), we limit our analyses to regions below 1,200 m elevation, as in 
ref. 2, using the HydroSHEDS digital elevation model with a resolution of 1 km.

For tree cover data, we utilize the MODIS MOD44B v6 Vegetation Continuous 
Fields (VCF) product (57), at 250 m resolution for the year 2017. Pixels with tree 
cover of 60% or more are classified as forest, while those with less are designated 
as savanna (1, 54, 56). We exclude pixels affected by human-induced land-use 
changes that could artificially decrease tree cover. To do so, we use a combination 
of MAPBIOMAS Version 6 (58), MAPBIOMAS Amazonia Version 3, both at 3 m 
resolution, and the Copernicus Global Land Cover product at 100 m resolution. We 
use the MAPBIOMAS product where available, due to higher spatial resolution, 
and keep the Copernicus product elsewhere. We combine products according to 
the original resolution, applying a strict upscaling procedure to minimize human 
influence when upscaling is needed to match with other datasets (SI Appendix, 

section  9). We upscale all data products to match the 1-km resolution of our 
hydrological model (see below and SI Appendix).

Land Hydrology Model and Hydrologic Stress. We use the output of a 
global hydrological model (5) which represents the land surface at a grid of 
30-arcsecond cells, approximately 1 km each at the equator, allowing us to 
differentiate between different hydrological positions. The model is run on an 
hourly basis over a 15-y period from 2004 to 2018, enabling the resolution 
of event-to-seasonal dynamics. A more detailed description of the model as 
well as comparisons of river discharge, evapotranspiration, and WT depth is 
available in SI Appendix.

To quantify hydrologic stress, we follow the hydrologic niche theory of 
Silvertown et al. (1999) (8). We calculate the SEV to measure the frequency of 
waterlogging and drought stress at each landscape position. Drought stress SEV 
(SI Appendix, Fig. S12) is defined as the average number of months per year (over 
15 y) where the WT falls below the 2 m threshold. Conversely, waterlogging SEV 
(SI Appendix, Fig. S13) is the number of months where the WT exceeds 0.25 m.

We also use a 2-km resolution hydrological model simulation of historical 
(end of the 20th century) and future (end of the 21st century) conditions (20). 
The model is forced with output from the Hadley Center Global Environment 
Model version 2 (HadGEM2-ES). Future simulation uses the Representative 
Concentration Pathways Scenario 8.5 (RCP8.5), which leads to ~940 ppm CO2 
by the end of the century and a 0.62-m mean sea level rise projected by the 
IPCC-AR5 (59). We use the same procedure of calculating SEVs to quantify the 
change in hydrological stress between historical and future conditions (Fig. 4).

Data, Materials, and Software Availability. Scripts necessary to reproduce 
the analyses pertaining to the main figures can be accessed at https://github.
com/caiomattos/doublestress (60). HydroSHEDS Elevation data can be down-
loaded at https://www.hydrosheds.org/hydrosheds-core-downloads (61). MODIS 
MOD44B v6 VCF is available at https://lpdaac.usgs.gov/products/mod44bv006/ 
(62). MAPBIOMAS Brazil Version 6 is available at https://mapbiomas.org (63). 
MAPBIOMAS Amazonia Version 3 is available at https://amazonia.mapbiomas.
org (64). Copernicus Global Land Cover is available at https://land.copernicus.eu/
global/products/lc (65). ERA-5 Land atmospheric data are available at https://www.
ecmwf.int/en/era5-land (17). All data necessary to reproduce the results of this 
manuscript are available at https://zenodo.org/record/7950934 (66). Previously 
published data were used for this work (https://doi.org/10.1038/s41586-021-
03958-6) (5).
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