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Abstract
Droughts are predicted to increase in both frequency and intensity by the end of the 21st century,
but ecosystem response is not expected to be uniform across landscapes. Here we assess the
importance of the hill-to-valley hydrologic gradient in shaping vegetation embolism resistance
under different rainfall regimes using hydraulic functional traits. We demonstrate that rainfall and
hydrology modulate together the embolism resistance of tree species in different sites and
topographic positions. Although buffered by stable access to groundwater, valley plants are
intrinsically more vulnerable to drought-induced embolism than those on hills. In all study sites,
the variability in resistance to embolism is higher on hills than on valleys, suggesting that the
diversity of strategies to cope with drought is more important for tree communities on hills. When
comparing our results with previously published data across the tropics, we show greater variability
at the local scale than previously reported. Our results reinforce the urgent need to extend
sampling efforts across rainfall regimes and topographic positions to improve the characterization
of ecosystem resistance to drought at finer spatial scales.

1. Introduction

Understanding the vulnerability of trees to drought
is critical to understand the response of tropical eco-
systems to projected drier and warmer conditions
[1–4]. While reduced rainfall and increased vapor

pressure deficit are key drivers of tree mortality [5–
7], topography creates spatial heterogeneity in plant
groundwater access and mediates contrasting veget-
ation response to droughts [8–12]. Field observa-
tions show that trees in valleys are often less affected
by droughts than their upland counterparts, with
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Figure 1. Conceptual diagram of the hydrologic gradient from hill to valley and its possible effect on vulnerability to drought
[36–38]. All water entering the system is a balance between precipitation (determined by regional climate) and
evapotranspiration (determined by climate and vegetation). After rainfall, water that is not intercepted by the canopy infiltrates
the soil, and part of it is stored in the unsaturated zone, which encompasses the soil above the water table (WT), where soil pores
are filled with air and water. The other part is stored below the WT, in the saturated zone where all the soil pores are filled with
water. Water flows downhill in the subsurface through groundwater lateral flow, below the WT, keeping a shallow WT in the
valleys, accessible to plants. The rise and fall of the WT tracks the rainfall seasonality with a lag [8, 28, 39]. Under the hills, even at
its peak, it is still too deep for most plants. In the valleys, the WT is shallow year-round, and can become too shallow in the wet
season, creating waterlogging. This different exposure to hydrologic stress (drought under the hills, waterlogging in the valleys) is
hypothesized to select for plant species according to their adaptations to hydrologic stress [34].

evidence from the tropics [13–17] and temperate
areas [9, 18, 19]. Furthermore, remote sensing-based
and modeling studies have also showed that val-
ley communities are less sensitive to drought and
show lower drought mortality [20–22]. Contrasting
evidence of higher drought mortality in valleys
[23, 24] and water table (WT) variability negat-
ively affecting trees in lowland positions [25] raise
questions as to whether the hill-to-valley gradi-
ent in water access is equally important in buffer-
ing plants from droughts in regions with differ-
ent rainfall regimes, topography and species com-
position. This highlights the need to look at how
rainfall, topography and species composition inter-
act together to shape community-level response to
droughts.

Hydrologic conditions at the landscape scale can
be remarkably different from what is predicted by
rainfall [26]. The slow motion of water in the subsur-
face from high to low grounds creates patches of wet-
ter and drier terrain under the same climate (figure 1).
Valleys receive water from neighboring hills mostly
through surface and subsurface flow, and thus have a
shallowerWTevenduring the dry season and extreme
drought events [8, 15, 27, 28]. On the hills, the WT is
deep and out of reach for most trees, which rely either
on adaptations to withstand drought or mechanisms
to avoid it, such as deep rooting, accessing moisture
stored in the deep soil [29–33]. The resulting gradi-
ent in water access from hills to valleys creates hydro-
logic niches, which species occupy according to their
adaptations to drought and waterlogging [34, 35].
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At the regional scale, mean annual precipitation
(MAP) and rainfall seasonality influence the dis-
tribution of floristic composition and physiological
traits related to drought tolerance [40–45], with lower
rainfall and higher seasonality being associated with
higher drought resistance [43–46]. At the local scale,
hydrologic gradients drives floristic [42, 47, 48] and
functional turnover, with hill species having more
embolism-resistant xylem than valley species [36–
38, 49–52] and thus able to survive drier conditions.
However, the role of the hydrologic gradient in mod-
ulating vegetation drought tolerance across different
rainfall regimes remains largely understudied.

Here, we evaluate the role of hydrology in shaping
embolism resistance of tree species in valley and hill
positions across a gradient of decreasing rainfall and
increasing seasonality. We use the P50 metric, or the
plant water potential at which 50% of water transport
capacity is lost due to the formation of air bubbles
in the vessels (i.e. embolism). Lower (more negat-
ive) values of P50 have been associated with higher
resistance to drought and less mortality [53–55]. We
measured P50 in dominant trees in valleys and hills
for three sites in South America, spanning a rainfall
gradient from 1370 to 2245 mm yr−1 associated with
an increase in dry season length and intensity. We
propose two hypotheses:

(H1) Valley species have lower embolism resistance
than hill species even under low precipitation
and high seasonality, as the WT remains shal-
low and thus accessible to valley species despite
a more stressful rainfall regime.

(H2) The hydrologic gradient’s influence on P50
depends on local rainfall and topography.
Rainfall is the first-order control on howmuch
water is available for vegetation, while topo-
graphy reorganizes species according to their
drought tolerance. Thus, the dissimilarity in
embolism resistance between hill and valley
species increases with rainfall seasonality, as
hills are progressivelymore stressed by reduced
rainfall and soil moisture, while valleys are still
buffered by a shallow WT.

2. Material andmethods

2.1. Study areas and environmental variables
We tested our hypotheses at three sites distributed
along a MAP and seasonality gradient (figure 2,
red dots). To characterize the rainfall regime in
each site, we use 30 year rainfall records from the
Agência Nacional das Águas in each site (table S1).
Site 1 (Manaus) encompasses the Reserva Florestal
Adolpho Ducke (02◦55′S, 59◦58′W) and Reserva
Biológica Cuieiras (2◦61′S, 60◦21′W), both near
Manaus, Brazil. Manaus has the highest MAP of
2245 ± 270 mm yr−1 and an average of 4 months
of dry season (monthly rainfall below 100 mm)

(figure 2(b)). Site 2 (Tapajós) is in the Tapajós
National Forest, near Santarém, Brazil (3◦51′S,
54◦58′W), and has a MAP of 1830 ± 430 mm yr−1,
6 months of dry season and the highest variability
in monthly and annual rainfall out of the three sites.
Site 3 is in the Chapada dos Veadeiros National Park
(PNCV, in the Cerrado biome) in Alto Paraíso de
Goiás, Brazil (14◦07′S, 47◦38′W), and has the lowest
MAP of 1370 ± 245 mm yr−1 with also 6 months of
dry season but lower dry season precipitation, with
3months of virtually no precipitation (June–August).

To monitor the position and dynamics of the WT
in the Tapajós and PNCV sites, we installed three
groundwater wells at the lower portion of the hill-
slopes using a hand auger at the end of the dry sea-
son in October 2020 in the PNCV site and November
2021 in the Tapajós site. Wells were drilled below the
position of the WT, to ensure continued measure-
ments, and were spaced by ∼20 m starting close to
the stream and continuing along the hillslope. The
depth to the WT was measured biweekly to monthly
in the PNCV fromDecember 2020 toNovember 2022
andmonthly in Tapajós fromNovember 2021 to June
2023 with a common measuring tape. Because our
depth of investigation was limited by the reach of the
hand auger (5–8m), we were unable to install wells in
the upper portions of the slope and the hills. To obtain
WT depth under the hills, we fitted an analytic hydro-
logical model to the well data in Tapajós and PNCV
(SM1.1, table S2). For the Manaus site, we obtained
hill and valley WT depth from the literature [56].

2.2. Species selection
For Manaus, we used data from [36], which sampled
28 tree species (table S3) by their topographic affil-
iation (hill or valley). Of those, half are among the
50 most abundant genera in Reserva Ducke and
12 are among the 227 hyperdominant species in
Amazônia [40]. We also included 17 tree species
sampled by [46] onhills inReservaCuieiras to supple-
ment the data, given the enormous species diversity
of Amazonian forests. Reserva Cuieiras is located
60 km fromManaus and is in the same rainfall envel-
ope, also sharing similar geology and soils [46]. We
therefore group species from Reserva Cuieiras and
Reserva Ducke as representative of one site (Manaus).
Species were selected according to their dominance
[46] and/or topographic affiliation [36].

In Tapajós, we used sampling plots from one of
the permanent research modules previously installed
by the Biodiversity Research Program (PPBio
Santarém, https://ppbio.inpa.gov.br/nregionais/
nrsantarem). Plots measured 1 ha and followed the
PPBio/RAPELDmethodology [57], which establishes
plots along contour lines (thus controlling topo-
graphy) and is regarded as a standard samplingmeth-
odology for long-term research sites in Amazônia,
such as those sampled in Reserva Ducke. Ten plots
were installed in the km117Amodule, situated 50 km
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Figure 2. Location and environmental conditions for study sites. (a) Map with our three study sites in blue, yellow and orange
(1—Manaus, 2—Tapajós, and 3—Chapada dos Veadeiros National Park (PNCV)), as well as the locations of measurements
gathered from the literature (black circles, see Methods). (b) The seasonal cycle of rainfall for our three study lines, from rainfall
gauges. The red dashed line shows the 100 mm threshold usually considered the limit between wet and dry seasons.

south of the long-studied Large-Scale Biosphere-
Atmosphere Experiment in Amazônia (LBA) research
site. We selected species from two plots (one hill,
one valley) based on relative dominance in each
community, which gave us 13 tree species in each
plot (table S3), corresponding to 31.9% and 29.3%
of the community basal area in the valley and hill,
respectively.

In the PNCV site, we established plots on two
positions along a hillslope. The hill plot is in a well-
drained Cerrado sensu stricto formation and the val-
ley plot is in a narrow riparian forest bordering a
perennial stream. Because of the short length of the
hillslope and the narrow nature of Cerrado riparian
forests [58], we established 4 plots of 5 m × 25 m,
separated by 25 m, in each location, with the long
axis following the topographic contour. We surveyed
every individual tree with a diameter at base ⩾2 cm
(hill) or diameter at breast height⩾10 cm (valley).We
chose the five most dominant tree species in both the
hill and valley plots (table S3), representing 75% and
67.4% of the community basal area, respectively.

While we adopted the same procedure for species
selection on our sites, differences in species richness
and dominance lead to different basal area represent-
ation. The high species richness and homogeneous
dominance in Amazonian forests [59] would require
a large number of species to obtain the same repres-
entation as in the PNCV, where tree species richness
is low and a few species are highly dominant [58, 60].

Such a large sampling is difficult in Amazonian forests
due to logistical challenges. Because the approach
used here has been shown to be sufficient to rep-
resent the hydraulic trait composition of Amazonian
communities [32, 43, 46], and that the inclusion of
more species does not change the overall patterns
observed in hydraulic traits [46], we argue that our
sampling effort is sufficient to allow us to compare
hill and valley communities across our sites.

2.3. Hydraulic traits
We used species mean P50—the xylem water poten-
tial at which 50% of water conductance is lost—as
a proxy for tree drought resistance. In Tapajós and
PNCV, we measured branch-level P50 from the rela-
tionship between xylem water potential and percent-
age loss of xylem conductivity (PLC), estimated from
percent air discharge (PAD) following the pneumatic
method [61]. Data on P50 for Manaus were obtained
from [36, 46] which used the same method.

We collected two branches with healthy leaves,
longer than 1 m whenever possible, from one to
six individuals of each species in the early morn-
ing. Branches were bagged in dark, damp plastic bags
in the field and then transported to the laboratory,
where we performed a second cut at the branch end
underwater and left them to rehydrate over a day [32].
We induced embolism by letting the branches dry fol-
lowing the bench dehydrationmethod [62], with pro-
gressively longer drying intervals. Using a pressure

4



Environ. Res. Lett. 18 (2023) 114009 C R C Mattos et al

chamber (PMS 1000; PMS Instruments Co., Albany,
OR, USA), we determined the xylem water poten-
tial by measuring the leaf water potential, after equi-
librating the branch within a black plastic bag for
30min to 1 h prior to themeasurement (following 4).
For each water potential measurement, we also meas-
ured the air discharged using a Pneumatron device
(Pneumatron v1, Plantem—Plant and Environment
Technologies, Campinas, Brazil) [63]. We estimated
the branch percent loss conductance (PLC) from the
PAD obtained from the pneumatic method (ref). To
obtain P50, we fit a sigmoidal curve to the data, of the
form

PAD=
100

1+ exp (Sp(Px−P50))
(1)

where PAD is percent air discharge, P50 is the water
potential Px when 50% of xylem conductance is
lost, and Sp is the slope of the curve. Due to the
non-linearity of the sigmoidal curve, we first fitted
the curve to each branch collected, and discarded
branches with spurious PAD values, before aggregat-
ing to obtain the individual average, which we later
aggregated to species mean.

To gain more insight into the hydraulic strategies
in each site, we measured species mean predawn leaf
water potential (Ψpd), a proxy for rooting depth [64].
Leaf water potentials were measured at the peak of
the dry season in July 2019 for the PNCV site and in
October 2021 for the Tapajós site. Predawn leaf water
potentials were measured with a pressure chamber
(PMS 1000; PMS Instruments Co., Albany, OR, USA)
from selected individuals, including those sampled
for vulnerability to embolism, using two or three
healthy, fully expanded leaves. We made Ψpd meas-
urements between 3 and 6 a.m., always before sunrise.

To place our P50 observations within a broader
context of tree drought resistance, we compiled
data from the literature for the tropics (figure 2(a),
black dots). The broadest categories contain obser-
vations for all Tropical Rainforests (TRR) and
Tropical Savannas (TRS), extracted from the Xylem
Functional Traits Database [65]. Next, we focused
on the two biomes we studied, and compiled data
following in topographic classes: Amazônia Hills,
Amazônia Valleys and Cerrado Hills (table S4). No
data was found on P50 for Cerrado Valleys. We then
compare our measurements (figure 2(a), red dots)
with the compiled dataset. Because most of the data
gathered from literature was at the individual level,
we also use our data at the individual level (except
for Manaus, where only species-level data were
available).

2.4. Statistical analyses
We first test whether species mean P50 and Ψpd are
different between hills and valleys at each site (H1).
We use the non-parametric Mann–Whitney U test to
test whether valleys have greater (less negative) P50

than hills with a significance level of 0.05. To charac-
terize differential water access, we also tested if valleys
have more access to water (valley Ψpd greater than
hill) in Tapajós and PNCV, since data from Manaus
was not available. We also tested how our new P50
measurements compare to the previous values repor-
ted in the literature. Tests were conducted using the
‘mannwhitneyu’ function from the ‘scipy’ package
[66] in Python.

To test H1 and H2, we restrict our analyses to
P50, and test if average P50 and its variability differed
between valleys and hills and among sites with dif-
ferent rainfall regimes. We fitted five linear models
with generalized least squares using site (a proxy for
rainfall and seasonality) and topographic position (a
proxy for groundwater access) as predictors. Because
all water ultimately comes from rainfall, and climatic
variability can influence groundwater levels on longer
timescales [28], we also include an interaction term
between topography and site to test for this combined
effect on vegetation.

The simplest model (model 1) was an ordinary
linear model that can be written as,

P50i = α+ topographyi + sitei + topographyi
∗ sitei + εi (2)

εi ∼ N
(
0, σ2

)
, (3)

where α is the intercept, εi are the residuals and σ2

is the standard deviation, which is assumed to be
normally distributed and homogeneous among topo-
graphy and site classes. Model 1 tests for differences
in mean P50 values of species occurring in different
valleys and hills in the three sites assuming that each
species is independent from each other.

To test whether the variability of P50 differs
between topography and sites, we fitted another three
models (2 through 4), which have the same explanat-
ory variables as model 1 but a different error term,

εij ∼ N
(
0, σj

2
)
, (4)

where a standard deviation σj is estimated for the j
topographic class (model 2), the j site (model 3) or
the j combinations of topography and site (model 4).
Thus, each topography class, site or combination of
topography and site is allowed to have a different vari-
ance, which represents the variability of P50 in each
class.

Lastly, phylogenetically close species tend to
have similar functional traits because of niche
conservatism [67–69]. To account for phylogenetic
associations of species, we fitted another three mod-
els (5 through 7), in which the error structure can be
written as,

εij ∼ N
(
0, Vσj

2
)
, (5)

where V is the covariance matrix containing estim-
ates of shared evolutionary history between pairs of
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species. We build the covariance matrix assuming
Brownian motion using the phylogenetic dis-
tance between species pairs from a phylogeny with
time-calibrated branch lengths generated using the
‘V.PhyloMaker’ package from R [70]. Thus, models
5, 6 and 7 estimate the variabilities and differences
between topographic classes and sites regardless of
phylogenetic relatedness, while keeping the error
structure associated with site (model 5), topographic
position (model 6) or combination of topography
and site (model 7). For instance, if a significant differ-
ence between hills and valleys in model 1 is no longer
significant in model 7, it means that the differences
in the P50 values can be explained by the occurrence
of communities from different evolutionary clades
in the two topographic classes. On the other hand, if
topography is not significant in model 1 but becomes
significant in model 7, it means that the P50 values
of the species that occur in the hills and valleys are
different from what would be expected simply from
the evolutionary distance between the species, indic-
ating possible convergent evolution (homoplasies)
between the two environments.

We test the improvement of model fit with
increasing complexity using a likelihood ratio test
(LRT) and comparing the Akaike information cri-
terion (AIC) values of models with similar numbers
of parameters.We fit all models with the ‘gls’ function
of the ‘nlme’ package in R [71].

To quantify the dissimilarity between the P50 dis-
tributions in each topography-climate class (H2), we
calculate the geometric overlap between the P50 prob-
ability density functions of two different classes [72].
Maximum dissimilarity (equal to 1) occurs when
there is no overlap between the two curves, and min-
imum dissimilarity (equal to 0) occurs when there
is perfect overlap between both curves. Geometric-
based dissimilarities are argued to be more robust
than other available methods such as average-based
ones, because (i) they do not require standardization
of values for comparison with other traits and (ii) are
independent of the considered species pool [72, 73].
We used Gaussian kernels to fit probability density
curves to the species mean P50 values in each class
using the ‘gaussian_kde’ function of the ‘scipy’ pack-
age in Python [66].

3. Results

The hill WT depth averaged 30 m inManaus, 40 m in
Tapajós and 24 m in PNCV (figure 3). In the valleys,
the mean WT depth was 0.15 m in Manaus, 0.4 m in
Tapajós and 0.5 m in PNCV (figure 3).

P50 was significantly less negative in valleys than
on hills at the three sites, as stated in our H1 (table S5,
figure 3), andmean P50 decreases with increasing sea-
sonality for both hills and valleys, indicating higher
embolism resistance (table S5, figure 3). Valley Ψpd

was significantly less negative than on hills in Tapajós

Figure 3.Mean water table (WT) depth and distribution of
embolism resistance (P50) in each topographic position for
the three sites: Manaus, Tapajós and Chapada dos Veadeiros
National Park (PNCV). Hillslope diagrams show the WT
depth in valleys (measured in all three sites) and hills
(measured in Manaus, calculated in Tapajós and PNCV) as
well as hillslope length and hill elevation above valley for
the Tapajós and PNCV sites. Hill P50 distributions are
shown in orange and valley distributions in green.

and PNCV, indicating more access to water for valley
species (figure S1, table 1).

The species measured in our study presented
more negative P50 (greater resistance to embol-
ism) than what was previously reported in the lit-
erature for the same biomes and/or topograph-
ical position (figure 4). Both Manaus and Tapajós
Valley median P50 (−1.25, −1.72 MPa, respectively)
were significantly more negative than Amazônia Hill
(−0.74 MPa), while Hills (Manaus: −2.32 MPa,
Tapajós: −3.81 MPa) were significantly more negat-
ive than Amazônia Hill and TRR (−1.92,−1.69MPa,
respectively). PNCV Hill (−3.36 MPa) was also more
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Table 1.Mean and standard deviation (SD) for the water potential associated with 50% conductance loss (P50) and predawn leaf water
potential (Ψpd ) for hills and valleys in our three sites: Manaus, Tapajós and Chapada dos Veadeiros National Park (PNCV). Results of
the Mann–Kendall U test are also displayed: asterisks define significant differences (p-value< 0.05) for the test (lesser/greater) and the
associated p-value in the Test and p columns.

P50 (MPa) Ψ pd (MPa)

Site Topography Mean SD Test p Mean SD Test p

Manaus Hill −2.51∗ 1.08 Valley>Hill 4× 10−3 — — — —
Valley −1.45∗ 0.82 — —

Tapajós Hill −3.61∗ 1.32 Valley>Hill 1× 10−5 −0.45∗ 0.17 Valley>Hill 0.04
Valley −1.85∗ 0.63 −0.35∗ 0.16

PNCV Hill −3.86∗ 1.12 Valley>Hill 3× 10−3 −1.38∗ 0.47 Valley>Hill 6× 10−4

Valley −2.12∗ 0.34 −0.49∗ 0.13

negative than TRS (−2.0 MPa) and Cerrado Hill
(−2.8 MPa).

To quantify the effect of rainfall and hydrologic
position on P50 values and their variability (H1 and
H2), our fit of Model 1 (simplest ordinary linear
model) showed significant differences both between
hills and valleys and between sites (table 2, aligned
with ourH1 andH2).Models 2 and 4 improved the fit
when compared to model 1 (LRT: χ2 = 13.5, d.f.= 1,
P < 0.001 and χ2 = 19.3, d.f. = 5, P = 0.0017 for
Model 2 and 4, respectively), with Model 2 having
the lowest AIC value of the models without phylo-
genetic relations (table 3). Model 2 estimated dif-
ferent variances for hills and valleys, which was two
times greater in the former. When species’ phylogen-
etic relatedness was considered, the best model estim-
ated different variances for each combination of topo-
graphic classes and sites (model 7 in table 2). In this
model, both topography and site remained signific-
ant predictors. The model suggested that differences
are not explained only by species relatedness within
communities; however, the mean difference in P50
between topographic classes decreased while the dif-
ference among sites increased in Model 7 when com-
pared to Model 1 (table 2, LRT: χ2 = 204.2, d.f. = 5,
P< 0.0001). Model 7 further corroborated our H2 by
showing that valleys have lower P50 variability than
hills (table S5) independent of site. Furthermore, the
interaction between topography and sites became sig-
nificant in Model 7 (table 2). This was due to the
reduced predicted difference between hill and valleys
as water limitations decreased when accounting for
the phylogenetic relatedness (table S5).

Hill and valley P50 dissimilarity increases as sea-
sonality increases (figure 5), from 0.36 in Manaus to
0.78 in PNCV, aligned with H2 that rainfall totals
and seasonality modulate the difference between the
P50 composition in valleys and hills. The dissimil-
arity also increases between valleys along the rain-
fall gradient (0.33 between Manaus and Tapajós;
0.36 between Tapajós and PNCV; and 0.56 between
Manaus and PNCV valleys). For hills, while the
dissimilarity between Manaus and the other sites
increases from 0.36 in Tapajós to 0.44 in PNCV, we

see high similarity between Tapajós and PNCV hills
(0.15), which also have a non-significant difference
according to the Mann–Whitney U test performed
earlier (figure 5).

4. Discussion

Our study demonstrates that rainfall and hydrology
interact to modulate species’ resistance to embol-
ism at the landscape scale (tables 1 and 2). Reduced
rainfall and increased seasonality (figure 2) increase
xylem tension through increased leaf transpiration
and soil evaporation [6], while hydrology controls
differential groundwater access, which can offset the
negative effects of atmospheric drought. While topo-
graphic influence on P50 has been documented for
specific sites before [36–38, 50], we now show that
this is a significant ecological driver of tree embolism
resistance across different rainfall regimes in South
America.

Rainfall seasonality increases the dissimilarity in
embolism resistance between valleys and hills in
accordance with our hypothesis H2 (figure 5). This
is driven both by a change in P50 values (table 1)
and variability in each position (table S5), with hills
becoming more embolism-resistant (more negative
P50) and more variable than their valley counterparts
as seasonality increases (figure 3 and tables 1, S5).
While more embolism-resistant species are added to
the community (figure 3) with increasing seasonality,
they still retain rather vulnerable species. Drought-
avoidance strategies such as deep rooting [29], which
allows species to access water in the deep soil and
reduce investments in xylem resistance [32, 74, 75],
can facilitate the survival of these vulnerable species
even in dry climates. The presence of both shallow
(more negative Ψpd) and deep (less negative Ψpd)
rooted species in the PNCV (figure S1) highlights
the coexistence of different rooting strategies in this
drought-stressed area, which we hypothesize can be a
mechanism allowing the survival of these vulnerable
species in such a stressful environment.

Valley species are consistently less embolism-
resistant than hills (figure 3, table 1) and have lower
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Figure 4. Comparison between P50 measurements in this study and other measurements reported in the literature. (a)
Distributions of P50 values for: (i) pantropical biomes (Tropical Rainforest and Savanna), (ii) Amazônia and Cerrado by
topographic positions and (iii) our study sites—Manaus, Tapajós and Chapada dos Veadeiros National Park (PNCV)—shown in
bold font and colored boxplots. (b) One-tailed Mann–Kendall U test results between groups, testing whether P50 values for one
group are greater or lesser than another. Note that the comparisons are not bidirectional, and represent rows compared to
columns (e.g. Tropical Savannas more resistant than Tropical Rainforests, first row and first column). Blue colors represent a
significant, less embolism-resistant result (less negative P50), while red represents a significant, more embolism-resistant result
(more negative P50) for the row-column group comparison. Grey colors are non-significant results.
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Table 2. Comparison between topography and site effects between model 1 and model 7.

Model 1 Model 7

Variable d.f. F p F p

Sites (S) 2 3.78 0.0274 21.81 <0.0001
Topography (T) 1 46.12 <0.0001 33.95 <0.0001
S x T 2 1.41 0.2509 15.96 <0.0001

Table 3. AIC values of models fitted with different error structures. The model with the lowest AIC value is in bold.

Variability among classes Phylogenetic control AIC

Model 1 None No 210.7
Model 2 Topography No 199.1
Model 3 Sites No 213.1
Model 4 Topography and sites No 201.4
Model 5 Topography Yes 36.7
Model 6 Sites Yes 50.7
Model 7 Topography and sites Yes 16.5

Figure 5. P50 dissimilarity for each site-topographic position combination for our three sites: Manaus, Tapajós and Chapada dos
Veadeiros National Park (PNCV). Dissimilarity is calculated as the geometric overlap between the distributions of P50 in each
group, and is thus bounded by 1, when the two distributions are entirely different, and 0, when the two distributions overlap
completely. Here, hills and valleys become more dissimilar (from 0.36, to 0.72–0.78) as rainfall seasonality increases, indicating
progressively less overlap between the trait probability distributions of both communities. Values highlighted in red correspond to
the hill vs. valley comparison for each location (in line with our H2 of increasing dissimilarity as rainfall seasonality increases).

P50 variability along the seasonality gradient (figure 3,
table S5), while average P50 values get more negative
(higher embolism resistance) when compared to val-
leys in less seasonal sites. The increased embolism
vulnerability in valleys might be associated with the
reported tradeoff in which plants maximize their effi-
ciency in water transport from roots to leaves in
places of high water availability, to the detriment of
xylem resistance to drought [76–79]. With reduced
MAP and longer dry periods, increased atmospheric
drought stress might force the most vulnerable trees
in valleys beyond progressively more negative xylem
pressure thresholds [6]. This would limit the survival
of highly vulnerable trees (as seen inManaus) inmore

seasonal locations by exposing them to hydraulic fail-
ure and carbon starvation [5, 80–82]. Moreover, sea-
sonal waterlogging in valleys also imposes a strong
abiotic stress and limits the establishment of trees
without adaptations to root zone anoxia [83–85],
which are usually more drought-resistant [84, 86].

Our results show that evolutionary links also con-
tribute to the patterns we observed. When phylo-
genetic relationships are considered (Model 7), both
hills and valleys in Manaus are shown to have a lar-
ger P50 range than their counterparts in other sites.
The effect of rainfall on P50 also increased (table 2),
indicating convergent evolution acting at the regional
(climatic) scale, increasing the difference among the
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sites from what would be predicted by evolution-
ary relationships alone. On the other hand, while
remaining significant, the mean difference between
hills and valleys decreased (decreased F-value of
‘topography’, table 2), indicating that communities
with species from different lineages are selected on
the topographic scale. Moreover, in wetter sites, the
phylogenetic structure of hill and valley communit-
ies is more distinct than in drier sites. This is evid-
enced from the stronger predicted difference between
hills and valleys at drier sites when considering the
phylogenetic relationships among species. These res-
ults indicate that environmental filters operate at
multiple spatial and temporal scales. On the ecolo-
gical time scale, the distinct hydrological environ-
ments select tree communities with different drought
resistance compositions. On the evolutionary time
scale, there seems to be a convergent evolution toward
lower drought resistance with increasing rainfall [87],
at least within themain Angiosperm lineages sampled
here.

When compared to reported values in the trop-
ics, our data shows that the variability in P50 can be
much higher than previously thought (e.g. Manaus
and Tapajós valleys vs Amazônia valleys, figure 4).
Moreover, the median P50 value of local communit-
ies can be highly different from regional assemblages,
especially when topography is considered. While part
of this difference could be caused by different meth-
ods of estimating P50, we argue that careful character-
ization of hydrologic environments and the explicit
inclusion of paired hill and valley plots in ecosystem
monitoring networks [88, 89] are needed to improve
the representation of vegetation hydraulic traits het-
erogeneity across ecosystems.

Overall, our findings highlight the role of topo-
graphy and rainfall in jointly modulating how
evolutionary processes and environmental filtering
together shape the resistance of trees to drought [90].
The increased importance of the rainfall-topography
interaction in Model 7 (table 2), higher than topo-
graphic position alone, suggests that the hydrologic
gradient is a stronger environmental filter in more
seasonal climates (figure 5, table 2). In such rainfall
regimes, drought stress is high and vegetation pro-
ductivity, diversity and mortality are strongly driven
by water-limitation [43, 80, 91–93].

We note, however, that our study does not capture
the full range of rainfall regimes of South America,
but evidence from other sites seem to align with our
hypotheses and results. In a high MAP, aseasonal
forest inNorthwesternAmazônia, no differences were
found between hills and valleys for several branch-
and stomata-level traits [94], although P50 directly
was not measured. Where seasonal water stress is
minimal, the relative importance of a shallowWT for
drought resistance is likely small, blurring the topo-
graphic signal. More research expanding the range
of rainfall regimes sampled is urgently needed to

improve our understanding of the function of key
ecosystems such as Amazônia.

Data availability statements

The data that support the findings of this study are
openly available at the following URL/DOI: https://
github.com/caiomattos/erl_embolism.

Acknowledgments

We acknowledge the help of Carlotta Puliti, Caio
Menegucci, Adriano, Kelvin and Dona Cota dur-
ing fieldwork campaigns, and the Chapada dos
Veadeiros National Park and Tapajós National Forest
for the permits to conduct fieldwork in each site.
CRCM would like to acknowledge the Rutgers
University Department of Earth and Planetary
Sciences Excellence Fellowship for support during
fieldwork.

Funding statement

This research and fieldwork activities were funded
by an AGU Horton Research Award to C R C
M, a CUAHSI Pathfinder Fellowship to C R C M,
a National Geographic Society Early Career Grant
(Grant No. EC-68054R-20) to C R C M, a Rutgers
Global Environmental Change Grant to Y F and C
R C M, two National Science Foundation Grants
(Grant Nos. EAR-825813, AGS—827069) to Y F, a
Serrapilheira Institute Grant (Grant No. 1709-18983)
to M H, a joint UK NERC—FAPESP Grant (Grant
Nos. NE/S000011/1 & FAPESP-19/07773-1) to R S O,
a CNPQ Productivity Scholarship to R S O, a FAPESP
post doctorate funding (Grant No. 2019/18145-1) to
G G M, a CNPQ Grant (Grant No. 441443/2016-8
PELD/POPA) to L L G and S S C and a PEEX/UFOPA
Grant 2019 to L L G.

ORCID iDs

Caio R C Mattos https://orcid.org/0000-0002-
8635-3901
Leandro L Giacomin https://orcid.org/0000-0001-
8862-4042
Bernardo M Flores https://orcid.org/0000-0003-
4555-5598
Magali F Nehemy https://orcid.org/0000-0002-
2212-3592

References

[1] Duffy P B, Brando P, Asner G P and Field C B 2015
Projections of future meteorological drought and wet
periods in the Amazon Proc. Natl Acad. Sci. USA
112 13172–7

[2] Vicente-Serrano S M, Quiring S M, Peña-Gallardo M, Yuan S
and Domínguez-Castro F 2020 A review of environmental
droughts: increased risk under global warming? Earth Sci.
Rev. 201 102953

10

https://github.com/caiomattos/erl_embolism
https://github.com/caiomattos/erl_embolism
https://orcid.org/0000-0002-8635-3901
https://orcid.org/0000-0002-8635-3901
https://orcid.org/0000-0002-8635-3901
https://orcid.org/0000-0001-8862-4042
https://orcid.org/0000-0001-8862-4042
https://orcid.org/0000-0001-8862-4042
https://orcid.org/0000-0003-4555-5598
https://orcid.org/0000-0003-4555-5598
https://orcid.org/0000-0003-4555-5598
https://orcid.org/0000-0002-2212-3592
https://orcid.org/0000-0002-2212-3592
https://orcid.org/0000-0002-2212-3592
https://doi.org/10.1073/pnas.1421010112
https://doi.org/10.1073/pnas.1421010112
https://doi.org/10.1016/j.earscirev.2019.102953
https://doi.org/10.1016/j.earscirev.2019.102953


Environ. Res. Lett. 18 (2023) 114009 C R C Mattos et al

[3] Arias P et al 2021 Climate change 2021: the physical science
basis Contribution of Working Group14 I to the Sixth
Assessment Report of the Intergovernmental Panel on Climate
Change; Technical Summary (Cambridge University Press)
(https://doi.org/10.1017/9781009157896.002)

[4] Wang T, Tu X, Singh V P, Chen X and Lin K 2021 Global data
assessment and analysis of drought characteristics based on
CMIP6 J. Hydrol. 596 126091

[5] McDowell N et al 2018 Drivers and mechanisms of tree
mortality in moist tropical forests New Phytol. 1 851–69

[6] Grossiord C, Buckley T N, Cernusak L A, Novick K A,
Poulter B, Siegwolf R T W, Sperry J S and McDowell N G
2020 Plant responses to rising vapor pressure deficit New
Phytol. 226 1550–66

[7] Anderegg W R L, Berry J A, Smith D D, Sperry J S,
Anderegg L D L and Field C B 2012 The roles of hydraulic
and carbon stress in a widespread climate-induced forest
die-off Proc. Natl Acad. Sci. 109 233–7

[8] Miguez-Macho G and Fan Y 2012 The role of groundwater
in the Amazon water cycle: 2. Influence on seasonal soil
moisture and evapotranspiration J. Geophys. Res. Atmos.
117 D15

[9] McLaughlin B C, Blakey R, Weitz A P, Feng X, Brown B J,
Ackerly D D, Dawson T E and Thompson S E 2020 Weather
underground: subsurface hydrologic processes mediate tree
vulnerability to extreme climatic drought Glob. Change Biol.
26 3091–107

[10] Mu M, De Kauwe M G, Ukkola A M, Pitman A J, Guo W,
Hobeichi S and Briggs P R 2021 Exploring how groundwater
buffers the influence of heatwaves on vegetation function
during multi-year droughts Earth Syst. Dyn. 12 919–38

[11] Costa F R C, Schietti J, Stark S C and Smith M N 2022 The
other side of tropical forest drought: do shallow water table
regions of Amazonia act as large-scale hydrological refugia
from drought? New Phytol. 17 714–33

[12] Hollunder R K, Garbin M L, Rubio Scarano F and
Mariotte P 2022 Regional and local determinants of drought
resilience in tropical forests Ecol. Evol. 12 e8943

[13] Schwartz N B, Budsock A M and Uriarte M 2019
Fragmentation, forest structure, and topography modulate
impacts of drought in a tropical forest landscape Ecology
29 e02677

[14] Schwartz N B, Feng X, Muscarella R, Swenson N G,
Umaña M N, Zimmerman J K and Uriarte M 2020
Topography and traits modulate tree performance and
drought response in a tropical forest Front. For. Glob. Change
3 596256

[15] Sousa T R, Schietti J, de Souza F C, Esquivel-Muelbert A,
Ribeiro I O, Emílio T, Pequeno P A C L, Phillips O and
Costa F R C 2020 Palms and trees resist extreme drought in
Amazon forests with shallow water tables J. Ecol.
108 2070–82

[16] Esteban E J L, Castilho C V, Melgaço K L and Costa F R C
2021 The other side of droughts: wet extremes and
topography as buffers of negative drought effects in an
Amazonian forest New Phytol. 229 1995–2006

[17] Hollunder R K, Mariotte P, Carrijo T T, Holmgren M,
Luber J, Stein-Soares B, Guidoni-Martins K G,
Ferreira-Santos K, Scarano F R and Garbin M L 2021
Topography and vegetation structure mediate drought
impacts on the understory of the South American Atlantic
Forest Sci. Total Environ. 766 144234

[18] Cartwright J M, Littlefield C E, Michalak J L, Lawler J J and
Dobrowski S Z 2020 Topographic, soil, and climate drivers of
drought sensitivity in forests and shrublands of the Pacific
Northwest, USA Sci. Rep. 10 18486

[19] Hawthorne S and Miniat C F 2018 Topography may mitigate
drought effects on vegetation along a hillslope gradient
Ecohydrology 11 e1825

[20] Tai X, Mackay D S, Sperry J S, Brooks P, Anderegg W R L,
Flanagan L B, Rood S B and Hopkinson C 2018 Distributed
plant hydraulic and hydrological modeling to understand the

susceptibility of riparian woodland trees to drought-induced
mortalityWater Resour. Res. 54 4901–15

[21] Tai X, Mackay D S, Anderegg W R L, Sperry J S and
Brooks P D 2017 Plant hydraulics improves and topography
mediates prediction of aspen mortality in southwestern USA
New Phytol. 213 113–27

[22] Fang Y, Leung L R, Koven C D, Bisht G, Detto M, Cheng Y,
McDowell N, Muller-Landau H, Wright S J and
Chambers J Q 2022 Modeling the topographic influence on
aboveground biomass using a coupled model of hillslope
hydrology and ecosystem dynamics Geosci. Model Dev.
15 7879–901

[23] Itoh A, Nanami S, Harata T, Ohkubo T, Tan S, Chong L,
Davies S J and Yamakura T 2012 The effect of habitat
association and edaphic conditions on tree mortality during
El Niño-induced drought in a Bornean Dipterocarp Forest
Biotropica 44 606–17

[24] Zuleta D, Duque A, Cardenas D, Muller-Landau H C and
Davies S J 2017 Drought-induced mortality patterns and
rapid biomass recovery in a terra firme forest in the
Colombian Amazon Ecology 98 2538–46

[25] Mattos C R C, Hirota M, Oliveira R S, Flores B M,
Miguez-Macho G, Pokhrel Y and Fan Y 2023 Double stress
of waterlogging and drought drives forest–savanna
coexistence Proc. Natl Acad. Sci. USA 120 e2301255120

[26] Fan Y, Li H and Miguez-Macho G 2013 Global patterns of
groundwater table depth Science 339 940–3

[27] Hodnett M G, Vendrame I, De Marques Filho O A,
Oyama M D and Tomasella J 1997 Soil water storage and
groundwater behaviour in a catenary sequence beneath
forest in central Amazonia: I. Comparisons between plateau,
slope and valley floor Hydrol. Earth Syst. Sci. 1 265–77

[28] Tomasella J, Hodnett M G, Cuartas L A, Nobre A D,
Waterloo M J and Oliveira S M 2008 The water balance of an
Amazonian micro-catchment: the effect of interannual
variability of rainfall on hydrological behaviour Hydrol.
Process. 22 2133–47

[29] Oliveira R S, Eller C B, de Barros F V, Hirota M, BrumM and
Bittencourt P 2021 Linking plant hydraulics and the
fast–slow continuum to understand resilience to drought in
tropical ecosystems New Phytol. 230 904–23

[30] Nepstad D C, de Carvalho C R, Davidson E A, Jipp P H,
Lefebvre P A, Negreiros G H, da Silva E D, Stone T A,
Trumbore S E and Vieira S 1994 The role of deep roots in the
hydrological and carbon cycles of Amazonian forests and
pastures Nature 372 666–9

[31] Chitra-Tarak R, Ruiz L, Dattaraja H S, Mohan Kumar M S,
Riotte J, Suresh H S, McMahon S M and Sukumar R 2018
The roots of the drought: hydrology and water uptake
strategies mediate forest-wide demographic response to
precipitation J. Ecol. 106 1495–507

[32] BrumM et al 2019 Hydrological niche segregation defines
forest structure and drought tolerance strategies in a
seasonal Amazon forest J. Ecol. 107 318–33

[33] Cusack D F et al 2021 Tradeoffs and synergies in tropical
forest root traits and dynamics for nutrient and water
acquisition: field and modeling advances Front. For. Glob.
Change 2 704469

[34] Silvertown J, Dodd M E, Gowing D J G and Mountford J O
1999 Hydrologically defined niches reveal a basis for species
richness in plant communities Nature 400 61–63

[35] Araya Y N, Silvertown J, Gowing D J, McConway K J,
Linder H P and Midgley G 2011 A fundamental,
eco-hydrological basis for niche segregation in plant
communities New Phytol. 189 253–8

[36] Oliveira R S et al 2019 Embolism resistance drives the
distribution of Amazonian rainforest tree species along
hydro-topographic gradients New Phytol. 221 1457–65

[37] Zhang Q, Zhu S, Jansen S, Cao K and McCulloh K 2021
Topography strongly affects drought stress and xylem
embolism resistance in woody plants from a karst forest in
Southwest China Funct. Ecol. 35 566–77

11

https://doi.org/10.1017/9781009157896.002
https://doi.org/10.1016/j.jhydrol.2021.126091
https://doi.org/10.1016/j.jhydrol.2021.126091
https://doi.org/10.1111/nph.15027
https://doi.org/10.1111/nph.15027
https://doi.org/10.1111/nph.16485
https://doi.org/10.1111/nph.16485
https://doi.org/10.1073/pnas.1107891109
https://doi.org/10.1073/pnas.1107891109
https://doi.org/10.1029/2012jd017540
https://doi.org/10.1029/2012jd017540
https://doi.org/10.1111/gcb.15026
https://doi.org/10.1111/gcb.15026
https://doi.org/10.5194/esd-12-919-2021
https://doi.org/10.5194/esd-12-919-2021
https://doi.org/10.1111/nph.17914
https://doi.org/10.1111/nph.17914
https://doi.org/10.1002/ece3.8943
https://doi.org/10.1002/ece3.8943
https://doi.org/10.1002/ecy.2677
https://doi.org/10.1002/ecy.2677
https://doi.org/10.3389/ffgc.2020.596256
https://doi.org/10.3389/ffgc.2020.596256
https://doi.org/10.1111/1365-2745.13377
https://doi.org/10.1111/1365-2745.13377
https://doi.org/10.1111/nph.17005
https://doi.org/10.1111/nph.17005
https://doi.org/10.1016/j.scitotenv.2020.144234
https://doi.org/10.1016/j.scitotenv.2020.144234
https://doi.org/10.1038/s41598-020-75273-5
https://doi.org/10.1038/s41598-020-75273-5
https://doi.org/10.1002/eco.1825
https://doi.org/10.1002/eco.1825
https://doi.org/10.1029/2018WR022801
https://doi.org/10.1029/2018WR022801
https://doi.org/10.1111/nph.14098
https://doi.org/10.1111/nph.14098
https://doi.org/10.5194/gmd-15-7879-2022
https://doi.org/10.5194/gmd-15-7879-2022
https://doi.org/10.1111/j.1744-7429.2012.00867.x
https://doi.org/10.1111/j.1744-7429.2012.00867.x
https://doi.org/10.1002/ecy.1950
https://doi.org/10.1002/ecy.1950
https://doi.org/10.1073/pnas.2301255120
https://doi.org/10.1073/pnas.2301255120
https://doi.org/10.1126/science.1229881
https://doi.org/10.1126/science.1229881
https://doi.org/10.5194/hess-1-265-1997
https://doi.org/10.5194/hess-1-265-1997
https://doi.org/10.1002/hyp.6813
https://doi.org/10.1002/hyp.6813
https://doi.org/10.1111/nph.17266
https://doi.org/10.1111/nph.17266
https://doi.org/10.1038/372666a0
https://doi.org/10.1038/372666a0
https://doi.org/10.1111/1365-2745.12925
https://doi.org/10.1111/1365-2745.12925
https://doi.org/10.1111/1365-2745.13022
https://doi.org/10.1111/1365-2745.13022
https://doi.org/10.3389/ffgc.2021.704469
https://doi.org/10.3389/ffgc.2021.704469
https://doi.org/10.1038/21877
https://doi.org/10.1038/21877
https://doi.org/10.1111/j.1469-8137.2010.03475.x
https://doi.org/10.1111/j.1469-8137.2010.03475.x
https://doi.org/10.1111/nph.15463
https://doi.org/10.1111/nph.15463
https://doi.org/10.1111/1365-2435.13731
https://doi.org/10.1111/1365-2435.13731


Environ. Res. Lett. 18 (2023) 114009 C R C Mattos et al

[38] Garcia M N, Hu J, Domingues T F, Groenendijk P,
Oliveira R S and Costa F R C 2022 Local hydrological
gradients structure high intraspecific variability in plant
hydraulic traits in two dominant central Amazonian tree
species J. Exp. Bot. 73 939–52

[39] Hodnett M G, Vendrame I, De Marques Filho O A,
Oyama M D and Tomasella J 1997 Soil water storage and
groundwater behaviour in a catenary sequence beneath
forest in central Amazonia. II. Floodplain water table
behaviour and implications for streamflow generation
Hydrol. Earth Syst. Sci. 1 279–90

[40] ter Steege H et al 2013 Hyperdominance in the Amazonian
tree flora Science 342 1243092

[41] Esquivel-Muelbert A et al 2017 Seasonal drought limits tree
species across the Neotropics Ecography 40 618–29

[42] Marca-Zevallos M J et al 2022 Local hydrological conditions
influence tree diversity and composition across the Amazon
basin Ecography 2022 e06125

[43] Tavares J V et al 2023 Basin-wide variation in tree hydraulic
safety margins predicts the carbon balance of Amazon
forests Nature 617 111–7

[44] Vargas G G et al 2022 Leaf habit affects the distribution of
drought sensitivity but not water transport efficiency in the
tropics Ecol. Lett. 25 2637–50

[45] Guillemot J et al 2022 Small and slow is safe: on the drought
tolerance of tropical tree species Glob. Change Biol.
28 2622–38

[46] de Barros F V et al 2019 Hydraulic traits explain differential
responses of Amazonian forests to the 2015 El Niño-induced
drought New Phytol. 223 1253–66

[47] Schietti J et al 2014 Vertical distance from drainage drives
floristic composition changes in an Amazonian rainforest
Plant Ecol. Divers. 7 241–53

[48] Zuleta D et al 2020 Importance of topography for tree
species habitat distributions in a terra firme forest in the
Colombian Amazon Plant Soil 450 133–49

[49] Bittencourt P R D L, Bartholomew D C, Banin L F, Bin
Suis M A F, Nilus R, Burslem D F R P and Rowland L 2022
Divergence of hydraulic traits among tropical forest trees
across topographic and vertical environment gradients in
Borneo New Phytol. 235 2183–98

[50] Waite P-A, Schuldt B, Mathias Link R, Breidenbach N,
Triadiati T, Hennings N, Saad A and Leuschner C 2019 Soil
moisture regime and palm height influence embolism
resistance in oil palm Tree Physiol. 39 1696–712

[51] Sobrado M A 2012 Leaf tissue water relations in tree species
from contrasting habitats within the upper Rio Negro forests
of the Amazon region J. Trop. Ecol. 28 519–22

[52] McFadden I R, Bartlett M K, Wiegand T, Turner B L, Sack L,
Valencia R and Kraft N J B 2019 Disentangling the functional
trait correlates of spatial aggregation in tropical forest trees
Ecology 100 e02591

[53] Adams H D et al 2017 A multi-species synthesis of
physiological mechanisms in drought-induced tree mortality
Nat. Ecol. Evol. 1 1285–91

[54] Anderegg W R L, Klein T, Bartlett M, Sack L,
Pellegrini A F A, Choat B and Jansen S 2016 Meta-analysis
reveals that hydraulic traits explain cross-species patterns of
drought-induced tree mortality across the globe Proc. Natl
Acad. Sci. USA 113 5024–9

[55] Shao J, Zhou X, Zhang P, Zhai D, Yuan T, Li Z, He Y and
McDowell N G 2023 Embolism resistance explains mortality
and recovery of five subtropical evergreen broadleaf trees to
persistent drought Ecology 104 e3877

[56] Bastos A S 2019 Estudo do Comportamento do Fluxo de
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