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Abstract
Aim: Understanding tree mortality under climate change-induced droughts requires 
knowledge of hydraulic trait distribution across environmental gradients. The spatial 
distribution of embolism resistance (i.e., P50), a key trait linked to hydraulic failure, 
is currently unknown across the Amazon. Here, we tested how precipitation, water 
table depth (WTD) and soil fertility interact as filters modulating the geographic hy-
draulic trait distribution.
Location: Four sites in three key regions across the Amazon basin: Central, Western 
peripheral area and Brazilian Shield.
Time Period: Present.
Major Taxa Studied: Tree species.
Method: We measured hydraulic vulnerability curves of 64 tree species (165 indi-
viduals) using an orthogonal design contrasting seasonal precipitation gradients, soil 
fertility and WTD. To estimate the geographical distribution of hydraulic traits for the 
basin scale, we use the coefficients of the best generalized linear model, projected on 
a 1 km grid in each environmental layer.
Results: We show that WTD and soil fertility are the main drivers of embolism resist-
ance, while precipitation has a secondary effect. Trees in shallow WTD and fertile 
soils had riskier hydraulic strategies. Our spatial projection identified the Amazonian 
southern band and valleys across the basin as the most vulnerable areas. High soil fer-
tility in these regions increases the variability of hydraulic traits and thus uncertainty 
in predictions of drought responses.
Main Conclusion: At the scale of the Amazon basin, we show that dominant tree spe-
cies traits converge toward hydraulic resistance when resource (water and nutrients) 
levels are low and towards hydraulic vulnerability (but with higher trait variability) 
when resources increase. These results highlight the importance of WTD and soil 
fertility in structuring hydraulic traits and their effects on tree mortality under climate 
change-induced droughts. Further empirical tests covering a wider spatial range and 
more tree species will help validate our biogeographical distribution model.
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1  |  INTRODUC TION

Recent studies have documented increased drought-driven tree 
mortality in the Amazon (McDowell et al., 2018; Phillips et al., 2009). 
However, the probability of death is highly variable across forest 
environments and species (Esquivel-Muelbert et al., 2020). Thus, 
predicting the likelihood of tree mortality remains a complex chal-
lenge (Brodribb et al., 2020; McDowell, 2011; McDowell et al., 2008; 
Trugman et al., 2021). Under extreme water deficits, the increase in 
xylem embolism can lead to hydraulic failure and, eventually, tree 
death. The dominant plant hydraulic traits and strategies and their 
variations are selected according to the long-term environment to 
which trees are exposed (Grime, 1977). Hydraulic traits provide the 
substrate for tree responses to climate change and thus may de-
termine the future of forests; however, their distribution and driv-
ers across Amazonia are only recently starting to unfold (Tavares 
et al., 2023). Despite recent progress, critical factors known to affect 
those traits at local scale, such as groundwater and the interaction of 
resources—water and nutrients, have not yet been examined at the 
basin scale. In this study, we seek to narrow this gap by understand-
ing the drivers of plant hydraulics at the scale of the Amazon basin 
and proposing a map of their distribution.

The physiological mechanism behind hydraulic failure involves 
water movement in plants. The regulation of stomatal conduc-
tance controls leaf CO2 uptake and water loss by transpiration 
(Sperry, 2000). As transpiration and tension in the water column in-
crease, the risk of cavitation and embolism formation (filling of the 
vessel elements with air) also increases, compromising the xylem 
vessel functionality (Zwieniecki & Secchi,  2015). Evergreen trees 
usually exhibit three main strategies to maintain functionality during 
drought: (1) closure of stomata as soil water potentials start de-
creasing, to prevent wilting and increased xylem embolism (Garcia, 
Ferreira, et al., 2021); (2) investing in higher embolism resistance (An-
deregg et al., 2016; Powers et al., 2020); and (3) accessing water in 
the soil through deep rooting (Brum et al., 2019; Rutuja et al., 2021). 
Alternatively, species lacking any strategy to cope with drought may 
be restricted to growing in places where soil water availability is high 
(Oliveira et al., 2019; Silvertown et al., 2015). Ecophysiological stud-
ies should consider integrating these three strategies to provide a 
more comprehensive understanding of tree drought response. How-
ever, combining measurements of stomatal control, hydraulics and 
rooting depth during droughts is expensive, and this information 
is still lacking for Amazonian forests. Thus, broadening our under-
standing of tree drought-tolerance strategies, such as variation in 
embolism resistance and hydrological environments, can be a first 
step to honing our predictions of Amazon forest response to climate 
change (Powers et al., 2020; Rowland et al., 2015). Vulnerability to 
embolism can be experimentally assessed from the relationships 
between leaf water potential and the xylem percent loss of con-
ductivity, P12, P50 and P88. The initial onset of cavitation (P12) is 
the tension of the xylem water column (water potential) at which 
pit membranes within the conducting xylem are overcome with air 
(Sparks & Black, 1999). P12 corresponds to the period during which 

plants actively regulate leaf stomata to reduce water loss and pre-
vent the propagation of cavitation (Garcia, Ferreira, et al.,  2021; 
Sorek et al., 2021). P50 is the water potential at which 50% of water 
conductivity is lost and represents incipient damage to plant func-
tionality (Skelton et al., 2018). P88 is the water potential associated 
with canopy dieback in angiosperms (Urli et al., 2013).

Recently, Oliveira et al.  (2021) proposed an axis of trait co-
variation involving carbon acquisition and water loss, according to 
resource gradients (precipitation and soil fertility). On large—global 
to regional—scales, low precipitation has been shown to select high 
embolism resistance (Choat et al., 2012). Tavares et al. (2023) show 
that forests with fast-growing species take greater hydraulic risks 
and face greater mortality risk. Additionally, fast-growing plants on 
nutrient-rich soils are expected to have lower hydraulic safety mar-
gins than slow-growing plants on nutrient-poor soils, in accordance 
with the fast–slow plant economic spectrum that integrates across 
leaves, stems and roots to explain species' ecological strategies 
(Reich, 2014). The extremes of the continuous variation along this in-
tegrated precipitation and soil fertility resource axis are proposed to 
be the fast-growth-risky hydraulics and slow-growth-secure hydrau-
lic strategies (Guillemot et al., 2022; Oliveira et al., 2021). However, 
there is also evidence showing that the coordination of traits related 
to hydraulics, light and nutrient acquisition can be weak or decou-
pled (Baraloto et al.,  2010; Gleason et al.,  2016; Liu et al.,  2021; 
Maréchaux et al., 2015). It can be argued that this lack or weak coor-
dination may be a symptom of the lack of coverage of large enough 
resource gradients to disclose the patterns since even the economic 
spectrum itself is clear at large scales but noisy at small ones (Wright 
et al., 2007). This is an important topic we directly investigate here 
since the existence of greater coordination would simplify modelling 
efforts.

Besides precipitation and soil fertility, root access to deep soil 
water can also affect hydraulic systems locally. The water availability 
to plants depends on the combination of precipitation and access 
to deep sources such as the water table, and this combination may 
produce a steady water supply even under the dry season (the ex-
treme example being oases). Thus, any simple description of water 
supply based only on precipitation, or indices derived from that, 
will not capture its fine-grained structure affecting plant traits. At 
the local scale, it has been shown that trees growing in areas with 
shallow water tables have low embolism resistance, and conversely, 
those on deep water tables have high embolism resistance (Garcia, 
Hu, et al.,  2021; Oliveira et al.,  2019). About 50% of the Amazon 
forests occur in shallow water table depth (<5 m) (Costa et al., 2023). 
For these reasons, a realistic projection of the abundance of fast-
growth-risky and slow-growth-secure hydraulic strategies must 
consider the integrated roles of precipitation, soil fertility and water 
table depth. During normal seasonal conditions in the Amazon, 
trees growing in deep water table areas have lower mortality and 
higher productivity than those in shallow water table areas (Sousa 
et al., 2022). On the other hand, during moderate droughts, mortal-
ity can be buffered, and productivity increases in shallow water ta-
bles (Costa et al., 2023). However, how these relationships co-vary/
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interact with soil fertility is currently unknown. Comprehending this 
co-variation will help understanding if the same growth strategies 
select hydraulic traits.

This study integrates these three factors (soil fertility, precipi-
tation and water table depth) in a fully nested design to advance 
knowledge of the drivers and distribution of hydraulic tree strategies 
across environmental gradients. These results are then used to map 
the distribution of tree hydraulics strategies and predict the Amazon 
Forest response to drought. We pose three questions: (1) How do 
climatic water deficit, soil fertility and water table depth affect P12, 
P50 and P88 across the Amazon? We hypothesize that precipita-
tion deficit will be the primary driver of plant hydraulic resistance, 
as shown in large-scale studies, while fertility and water table depth 
will have secondary effects. Specifically, lower precipitation will be 
associated with plants with higher P12, P50 and P88, irrespective 
of soil fertility. In contrast, plants growing in wet climates with high 
fertility will exhibit low embolism resistance, and those growing in 
moist sites with low fertility will show intermediate embolism re-
sistance. (2) Is there a difference in the predictive power of each 
environmental factor among different hydraulic resistance met-
rics, which could indicate differences in hydraulic strategies during 
a drought? We hypothesize that the initial phase of the cavitation 
process (P12), which may be associated with stomatal control, will 
be more closely related to soil fertility and precipitation water defi-
cit. Meanwhile, P50 and P88 are expected to be more significantly 
influenced by variables linked to soil water availability and climatic 
water deficit, as shown by other studies we discussed above. Finally, 
we ask whether statistical models of hydraulic trait dependence on 
water and nutrients can be combined with gridded and remote sens-
ing observations to generate meaningful basin-wide maps of embo-
lism resistance. We test the plausibility of such maps by comparing 
them to existing spatially distributed data on tree mortality to de-
termine whether such mapping can increase our understanding of 
patterns of forest vulnerability to climate change.

2  |  RESULTS

We tested models predicting hydraulic traits' responses from pat-
terns of key biogeochemical gradients across the basin, including soil 
fertility (Phosphorus [P] and exchangeable base cations), water table 
depth (WTD) and climatic water deficit (maximum cumulative water 
deficit, MCWD). We also tested the inclusion of species and sites as 
random factors, with no noticeable improvement over simpler mod-
els (Tables S3 and S4). The inclusion of species as a random factor 
improved the fit of the best models for P12, P50 and P88. How-
ever, the inclusion of sites did not improve the fit of most models, 
especially those using phosphorus as the fertility variable (Tables S5 
and S6). We detected that soil fertility considering P and water table 
depth had, on average, stronger effects on hydraulic resistance met-
rics than the climatic water deficit (Table 1). The soil fertility effect 
is stronger on P12 and P50 in interaction with MCWD, while P88 is 
driven only by water table depth and soil fertility (Figure 1). TA
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A deep-water table positively affects P12, and as such, selects 
for a safer hydraulic system (Figure  1a). In contrast, we observed 
that MCWD not only has a negative average effect on P12 (Table 1), 
but also interacts with phosphorus, meaning that the precipitation 
effect is largely mediated by the phosphorus concentration. Phos-
phorus did not have an average effect on P12 apart from the inter-
action (Figure 1b). Surprisingly, this interaction indicates that plants 
have low embolism resistance in dry areas when combined with high 
phosphorus. We observed the opposite response in dry conditions 
and low phosphorus fertility areas, where plants exhibited high em-
bolism resistance (Figure 1c). The responses are similar for P50, with 
hydraulic resistance increasing with WTD (Figure 1d); however, the 
effect of WTD is more robust than for P12. The average effect of 
phosphorus concentration on P50 is negative (Figure 1e), meaning 
that hydraulic resistance decreases with higher fertility. The inter-
action of MCWD and phosphorus is also present in the best model 
for P50, with the same trends described for P12 (Figure  1f). P88 

increases with WTD (Figure  1g) and decreases with phosphorus 
(Table 1, Figure 1h), but there is no direct effect of MCWD or in-
teraction between MCWD and phosphorus (Figure 1i). MCWD con-
tributes a high relative weight to the prediction of P12 across the 
set of all models (0.94), but this reduces to (0.81) in the prediction 
of P50 and is even lower (0.47) for P88. The water table depth has a 
relatively constant and high weight as a predictor of P12 (0.91), P50 
(0.99) and P88 (0.99). Fertility also has similarly high relative weight 
as a predictor of P12 (0.99), P50 (0.99) and P88 (0.90).

Models representing soil fertility through exchangeable cations 
(rather than phosphorus) provided similar results as those presented 
above. In this case, however, soil fertility interacted with either WTD 
or MCWD in its effects on P12 and P50, respectively (Table S2).

The phylogenetic signal tested by Blomberg's K returned values 
below <1, suggesting that phylogenetically closer species have less 
similar traits than expected by the Brownian model of trait evolu-
tion, as seen in the mapping of traits along the phylogeny (Figure S7). 

F I G U R E  1  Partial effects of predictors on individual tree hydraulic traits in the best statistical models (ΔAICc = 0; Table 1) for (a–c) 
water potential point indicating the start of cavitation (P12); (d–f) water potential at which 50% loss of conductivity is lost (P50); and (g–i) 
water potential point associated with dieback (P88). The predictor variables are water table depth (WTD, left column), phosphorus (P, 
middle column) and maximum cumulative water deficit (MCWD, right column), where greater deficits indicate drier conditions. The colours 
represent soil fertility as phosphorus concentration, with low <4.53 < high (mg/kg). The fitted lines with shaded uncertainty bands represent 
statistically significant partial effects from the best models, and the absence of a line indicates lack of statistical significance with respect to 
the independent variable. Interaction effects are indicated by coloured lines with coloured shades.
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However, none of the K values was significant (P50 K = 0.17, p = 0.37; 
P12 K = 0.25, p = 0.17; P88 K = 0.20, p = 0.22. K < 1 and p > 0.001), in-
dicating that those traits were neither phylogenetically conserved 
nor dispersed at the scale of this study. This supports our model's 
findings of environmental selection of trait values.

The spatial patterns of hydraulic vulnerability projected from our 
models (Figure 2) strongly reflect the macroscale spatial patterns of 
soil fertility. Areas with the highest vulnerability to embolism are as-
sociated with more fertile regions, mostly in the southern band of the 
Amazon basin and crossing medium WTD and high MCWD conditions 
to deep WTD and high MCWD in the south-east. The areas with the 
highest hydraulic resistance are associated with deep water tables 
and infertile soils in the Guiana and Brazilian shields. The combined 
effect of the shallow water table and low fertility resulted in interme-
diate resistance to embolism from the central to the south-western 

portions of the basin. The patterns of low-to-medium hydraulic resis-
tance linked to shallow WTD show up along major river channels, but 
mainly over the macroscale pattern set by soil fertility. Small valleys 
also follow this same pattern, but we cannot differentiate the detailed 
patterns associated with WTD at the scale of this map.

We found a significant relationship between the mortality rates 
from Esquivel-Muelbert et al. (2020) with P88 (p = 0.007; Figure 2a, 
insertion), P50 (p < 0.001; Figure 2b, insertion) and P12 (p < 0.001; 
Figure 2c, insertion). This result brings evidence that our modelled 
embolism resistance correlates well with the observed average mor-
tality rates in the Amazon.

Given that hydraulic resistance is mainly affected by a combina-
tion of WTD and soil fertility, we used these factors in combination to 
examine the variation in hydraulic resistance distributions (Figure 3). 
The frequency distributions of P12, P50 and P88, according to the 

F I G U R E  2  Embolism resistance modelled along the basin. (a) P12, (b) P50 and (c) P88. Black circles are indicating sites with annual 
mortality rate data (source: Esquivel-Muelbert et al., 2020). The circle size is proportional to the mortality rate. The graphs inserted in a–c 
represent the relationship between mortality and P12, P50 and P88, respectively, shown as black circles. Regression lines in black represent 
the relationship between mortality rates from Esquivel-Muelbert et al. (2020) and P88 (p = 0.007); P50 (p < 0.001); and P12 (p < 0.001). The 
maps were generated using the coefficients from the models shown in Table S2; in the basin-scale section (bottom).
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combinations of soil fertility and water table depth, show that high 
fertility, irrespective of WTD selects a high diversity of hydraulic re-
sistance values (vulnerable-to-moderately safe trees). High fertility 
combined with shallow water table depth increases the frequency of 
riskier hydraulic systems. In contrast, nutrient-poor soils with deeper 
water tables generate safer hydraulic systems with an even less di-
verse hydraulic distribution.

3  |  DISCUSSION

The Amazon has vast environmental heterogeneity, which is ex-
pected to generate diverse and complex tree responses to the in-
creasingly common climate change-driven droughts. Separate pieces 
of evidence indicate that variations in precipitation, hydrology and 
soil fertility can affect plant hydraulic resistance and thus affect 
their responses to drought. For the first time, we tested how these 
factors interact as filters in this study, modulating the hydraulic traits 
distribution of Amazonian Forest trees. The four main findings that 
emerged from our research were as follows: (1) shallow water table 
depth and high soil fertility are the main drivers of vulnerable hy-
draulic systems across the Amazon, while the precipitation effects 
depend on interactions with soil fertility (Figure 1). (2) The effects 

of environmental drivers differ along the embolism resistance trees, 
and soil fertility drives P12 and P50 to diverge between places within 
the same climate water deficit, while P88, by contrast, is determined 
exclusively by WTD and fertility. (3) The spatial projection of hy-
draulic traits over the Amazon basin indicates a large southern band 
as the most hydraulically vulnerable region, primarily due to fertile 
soils, and shallow water tables create fine-scale variation in vulner-
ability across the other regions (Figure 2). (4) There is a large diver-
sity of hydraulic traits, especially within high-fertility soils (Figure 3).

Water table depth and fertility were better predictors of em-
bolism resistance than average climatic water deficit, even when 
MCWD was controlled in multiple regression models. A previous 
study comparing 11 Amazonian sites found that central Amazon 
species are resistant while western Amazon species show mark-
edly lower hydraulic resistance, and the most vulnerable region is 
southern (Tavares et al., 2023). However, that study did not simulta-
neously control soil fertility, which might affect hydraulics through 
changes in anatomy (i.e., wood density, proportions of fiber, and pa-
renchyma) (Lourenço et al., 2022), in addition to water table depth, 
which affects water availability to plants within the same precipi-
tation regime. Accounting for WTD might decrease the predictive 
capacity of MCWD because, in places with lower precipitation and 
high VPD, valleys still have more available water via groundwater 

F I G U R E  3  Distribution of modelled embolism resistance values for (a) P12; (b) P50; and (c) P88 across the Amazon, grouped by soil 
fertility and water table depth. Soil fertility is categorized as exchangeable cations concentration >1.21 cmol/kg, and water table depth as 
deep >5 m.
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than the plateaus within the same region, compromising the simple 
correlation of MCWD with hydraulic traits. We found that shallow 
WTDs, which provide easier root access to water (Fan et al., 2017), 
were consistently associated with decreased embolism resistance 
(Figure  1a,d,g). These patterns have been previously shown for 
the Amazon only at local scales (Fontes et al.,  2020; Garcia, Hu, 
et al., 2021; Oliveira et al., 2019). Here, we are able, for the first time, 
to extend these results to larger scales and across different regions 
of the Amazon basin, showing that water table depth is a stronger 
driver of embolism resistance of Amazon trees than climatic water 
deficit. This has important implications for the future of forests in 
wetlands, valleys and other shallow water table sites (50% of the 
Amazonian area (Costa et al., 2023)), which can function as hydro-
logical refugia due to groundwater supply in moderate droughts, but 
are in danger of a collapse in strong droughts due to vulnerable hy-
draulic systems (Costa et al., 2023; Flores et al., 2017).

Our results show that fertility and its interaction with precipi-
tation affect a site's average tree hydraulic strategy and specifically 
affect different phases of the embolism process (i.e., P12, P50 and 
P88). This result helps to explain why the impact of climate water 
deficit is less important than fertility for predicting hydraulic re-
sponses along the environmental gradients of the Amazon—assessing 
the environmental effects throughout the sequential phases of the 
embolism process allowed for detecting responses that are expected 
to limit severe drought damage to plants lacking resistant hydraulic 
systems. The divergent response of P12 and P50 under the same 
precipitation deficit caused by fertility was surprising (Figure 1c,f). 
The expectation is that high MCWD, on average, selects conserva-
tive trees that can tolerate high water potentials with high embolism 
resistance (Tavares et al., 2023). However, our results show that high 
MCWD combined with high fertility drove low embolism resistance. 
These effects may arise because earlier phases of embolism forma-
tion are potentially at levels where stomatal regulation can strongly 
mitigate further embolism, for example, by preventing the devel-
opment of higher xylem pressures. Plants are expected to undergo 
stomatal closure before reaching sufficiently low water potentials 
(more negative) to prevent wilting and substantial declines in stem 
hydraulic conductivity (i.e., ≥50% decline). The effect of soil fertility 
on hydraulics may start at the leaf level since increasing exchange-
able cation concentrations would improve stomatal regulation 
through osmoregulation (Wang et al., 2016). Specifically, potassium 
is an enzyme cofactor, an osmolyte and an electrolyte in cell mem-
branes. Thus, increased potassium concentration could improve the 
efficiency of stomatal control (Liu et al., 2006) at the beginning of 
the cavitation process, which in turn could provide a sizable hydrau-
lic safety margin and protect the hydraulic system from increasing 
embolism. High nutrient levels offer a rescue pathway to drought 
protection through stomatal regulation. This strategy works well in 
short droughts, such as those experienced by Amazonian forests in 
2015 (Garcia, Ferreira, et al., 2021). However, this route is probably 
insufficient to prevent hydraulic failure under prolonged or more in-
tense droughts. Due to the potential differences in plant nutrient 
functions, disentangling the role of each nutrient on plant hydraulics 

will require specific experiments to investigate and confirm such ef-
fects. Thus, our results indicate that higher MCWD is indeed asso-
ciated with the construction of safer xylem tissues, but only when 
combined with low soil fertility, critically expanding the current 
knowledge (Tavares et al., 2023).

The effect of soil fertility on tree hydraulic responses has not 
been tested before at the large scale of the Amazon basin. However, 
this hypothesis has been raised recently based on empirical data (Ol-
iveira et al., 2021). The hypothesis assumes that the ‘fast-slow’ plant 
economics spectrum should hold across all organs and resources, as 
previously proposed (Reich, 2014). In that case, the logic is straight-
forward: adjustments to nutrient and water levels might be part of 
the same evolutionary strategy, as they require adaptive traits oper-
ating in the same direction. In resource-rich conditions, these traits 
promote high water conductivity to supply the leaves and high nutri-
ent acquisition and consumption rates, resulting in fast growth rates 
and, thus, a reduction in the residence time of these resources in 
the plant. On the opposite side, when there is a low resource sup-
ply, investments in strong tissues to protect the hard-won nutrients 
help create a safe hydraulic system and reduce the water needed to 
supply the slow growth. Our results partially confirm this hypothe-
sis, as we detect a convergence of hydraulic resistance values at low 
fertility levels (Figure 1e,h), but at the same time, we show that high 
fertility can drive a much more varied range of embolism resistance 
(Figures 1c,f and 3). High variability in more productive sites may be 
an inherent consequence of their faster dynamics (Lewis et al., 2004), 
which creates more light gaps and thus high niche diversity, sustain-
ing alternative plant designs with different solutions to local con-
ditions and thus supporting coexistence of a more diverse local 
community (Dias et al., 2020; Marks & Lechowicz, 2006a, 2006b). 
At the same time, we show that a large fraction of individuals on fer-
tile soils has unsafe hydraulic traits, so despite the variation, those 
areas are still predicted to be more vulnerable to drought based on 
the traits examined here. Interestingly, Tavares et al. (2023) showed 
that the southern band of Amazonia has the most vulnerable plant 
community. The explanation they provided for this was that this re-
gion is the driest of the Amazon and also the one that has faced the 
most significant recent climatic changes. Our results are consistent 
with that study. However, we bring an additional explanation: the 
dry climate combined with intermediate-to-high soil fertility selects 
plants with a more vulnerable hydraulic system that translates into a 
lower hydraulic safety margin. For example, their comparison of two 
of their sites is illustrative of that: the NVX site, with a very long dry 
season, but intermediate fertility soils has less negative P50 than the 
TAP site, which has a less pronounced dry season but very infertile 
soils. With this, we broaden the understanding of why hydraulic vul-
nerability drivers go beyond annual precipitation.

This study is the first empirical large-scale demonstration that 
hydraulic traits can be selected according to some of the same prin-
ciples applying to the carbon economy traits, that is, by gradients of 
resource levels, where fertility plays a central role. Consequently, 
any attempt to determine ecosystem susceptibility to climate change 
impacts based on hydraulic traits must be based on an integrated 
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assessment of what environmental factors are driving the mecha-
nisms. Nevertheless, since the trait filtering is not perfectly matched 
to the resource gradients, the modelling of ecosystem vulnerabil-
ity must go beyond findings based only on economic traits (Joswig 
et al.,  2022) or theoretical grounds (Joswig et al.,  2022; Oliveira 
et al., 2021). A comprehensive understanding of ecosystem vulner-
ability to drought should consider whole-tree traits, including root, 
stem and leaf.

The spatial projection of our results to the whole Amazon basin 
indicates a large southern band as the most hydraulically vulnera-
ble region, primarily due to fertile soils, and this is also the region 
with the lowest uncertainties of the model projection (Figure  S8). 
Current knowledge about tree mortality in the Amazon suggests 
that species-level growth rate is the most critical predictor of tree 
death, with faster-growing species at higher risk (Esquivel-Muelbert 
et al., 2020). We found that the embolism resistance values derived 
from the mapping projection of our models over the Amazon basin 
were related to the independent data on average mortality rates 
(Esquivel-Muelbert et al., 2020). Ecosystem-level studies show that 
forests in fertile soils have higher mortality rates on average (Que-
sada et al., 2012). These high mortality rates emerge from the short 
life cycles of fast-growing plants irrespective of climate, but droughts 
may exacerbate the trend, creating an excess of death. However, al-
ternative strategies to cope with drought can be found to be linked 
to environmental buffers or plant strategies, as discussed above. 
Alternatively, plants growing in fertile soils may grow faster (Malhi 
et al., 2015) because they develop a less embolism-resistant hydrau-
lic system, as evidenced by this study, which would help explain the 
excess of death caused by drought if there is some. A definitive con-
clusion requires an analysis of tree mortality caused only by drought.

Additionally, the hydrological environment could protect plants 
from drought-induced mortality—trees growing over terrains with 
easy access to the groundwater (Sousa et al., 2020) could survive 
with intermediate-vulnerable hydraulic systems, as we find in this 
study. However, plants may develop safer hydraulic or deep root 
systems to access water when the hydrological environment does 
not provide protection, such as when the water table is deep. The 
presence of these strategies to deal with drought (ample water sup-
ply to roots or efficient stomatal regulation) increases the resilience 
of the forest under current environmental conditions. Regardless, 
under the intensification of droughts expected for the future, we 
predict from our results that trees growing in forests with high soil 
fertility—which are the most productive in the Amazon—will be more 
likely to reach a threshold where leaf and root strategies will eventu-
ally fail. Given that the next level of plant response—at the hydraulic 
system itself (here represented by P50 and P88), was found to be the 
most vulnerable in soils with more phosphorus, these forests can be 
expected to be in great danger. Forests over shallow water tables 
are next in the vulnerability line if droughts are intense enough to 
lower water table depths beyond the reach of roots, especially when 
shallow WTD is combined with fertile soils.

Some limitations of this study include the need for further 
research to determine the relationship between the estimated 

hydraulic traits and mortality caused exclusively by drought, as there 
is currently a lack of drought-induced mortality data covering the 
broad environmental gradients of the Amazon. Second, the study 
does not cover the entire precipitation spectrum of the Amazon (al-
though the sampled range—80 to 337 mm MCWD was extensive in 
comparison with the total range of 0 to 489 mm MCWD, see de-
tails in Figure S4), which could potentially affect the relative con-
tribution of precipitation to the patterns observed. Third, the study 
has focused on the abundant species of each site, and as such, con-
veys a picture of the dominant traits, which are expected to affect 
ecosystem-level responses to drought. However, these patterns may 
not represent well the less abundant species that contribute to the 
large species diversity of tropical forests, and these still need to be 
investigated. Last, more research is needed to integrate the hydrau-
lic traits examined in this study with a broader suite of traits to bet-
ter understand tree survival strategies.

In conclusion, this study proposes a way forward in understand-
ing tree vulnerability to droughts in the Amazon. The geography of 
hydraulic traits provided in this study is a starting point to indicate 
where, spatially, drought could most affect trees, helping to direct 
investments to collect a more comprehensive ecophysiological data 
set in places with high hydraulic variation.

4  |  MATERIAL S AND METHODS

4.1  |  Study sites and sampling design

We performed hydraulic measurements at four sites in the Amazon 
region. We cover three key fertility regions across the Amazon basin, 
as identified by Quesada et al. (2009): Central Amazon, the Western 
peripheral area and the Brazilian Shield. We used a nested design 
covering all the combinations of high and low climatic water defi-
cit, high and low soil fertility and high and low water table depths. 
The four sites represent the combinations of climate and soil fertil-
ity. Within each of those sites, topographic positions with low- and 
high-water-table depths were sampled (Figure S1) and consequently 
covered a high functional variation in hydraulic traits.

Ducke Reserve (AM-DUCK) was our high precipitation/low 
water deficit and low fertility site, covering 10,000 ha in the central 
Amazon region (2° 55′ 47.80″ S; 59° 58′ 30.34″ W). The total annual 
precipitation is 2258 mm, and the average maximum climatological 
water deficit (MCWD) is −80 mm (from Tropical Rainfall Measur-
ing Mission—TRMM https://disc2.gesdi​sc.eosdis.nasa.gov/data/
TRMM_L3/TRMM_3B43.7/). Climate data used in the description 
of sites were based on monthly averages from 2000 to 2021. The 
soils are mainly derived from rocks and sediments from the middle 
Tertiary and thus have likely experienced more or less continuous 
weathering for more than 20 million years (Quesada et al., 2009), re-
sulting in low nutrient concentration (average of 0.16 cmol/kg of ex-
changeable bases). There is a continuum of soil texture change from 
clay rich in the plateaus to sandy in the valleys. The predominant 
vegetation type is dense lowland terra-firme rainforest.

https://disc2.gesdisc.eosdis.nasa.gov/data/TRMM_L3/TRMM_3B43.7/
https://disc2.gesdisc.eosdis.nasa.gov/data/TRMM_L3/TRMM_3B43.7/
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Uatumã Biological Reserve (AM-REBI) was our high precipi-
tation/low water deficit and high soil fertility site, covering 1 mil-
lion ha in the central Amazon region (1° 48′ 00″ S, 59° 15′ 00″ W). 
The average annual rainfall is 2405 mm, with an average MCWD of 
−96 mm (from TRMM). The entire reserve consists of rolling hills, 
with as much as a 100 m difference in height from low to high areas. 
It lies on the boundary between the sedimentary Palaeozoic Trom-
betas formation and an igneous/volcanic Precambrian formation 
(Irion, 1978). Soils form a gradient from poor latosols to richer soils 
derived from outcrops of igneous Precambrian rocks of the Guiana 
Shield. Specifically, we selected only plots with high fertility in this 
region (at least 3.5 cmol/kg of exchangeable bases). The predomi-
nant vegetation types are primary lowland and submontane-dense 
terra-firme rainforest.

Experimental farm Catuaba (AC-CATU) was our low precipita-
tion/high water deficit and high soil fertility site, covering 2111 ha 
in the Western peripheral area (10° 04′ S e 67° 37′ W). The average 
annual precipitation is 1956 mm with an average MCWD of −228 mm 
(from TRMM). The soils are predominantly oxisols and argisoils. Due 
to its proximity to the Andes, where soil surface erosion exposes 
parent material, the region maintains high fertility (average of 1.8 
cmol/kg of exchangeable bases). Topography is gently undulating. 
The predominant primary vegetation types are dense lowland terra-
firme rainforests and open forests with a large abundance of bam-
boo and palms (Silveira et al., 2008).

The site with low precipitation/high water deficit and low soil 
fertility (MT-COTR) was at São Nicolau farm belonging to ONF 
Brasil, in the Brazilian shield region (9° 51′ 25″ S and 58° 14′ 55″ 
W). The average annual precipitation is 1906 mm with an average 
MCWD of −337 mm (from TRMM). Soils are derived from igneous 
and metamorphic rocks of the Precambrian Brazilian shield. These 
are the oldest surfaces exposed in South America, with their maxi-
mum geological age ranging from 1.5 to 3.6 billion years. Specifically, 
we selected sites with low fertility (average of 0.85 cmol/kg of ex-
changeable bases). Topography is gently undulating. The predomi-
nant vegetation type is dense and open submontane rainforest.

4.2  |  Environmental measurements

In order to represent the local hydrological environments, we used 
the water table depth (WTD) layer produced by Fan et al. (2013) with 
a spatial resolution of ~270 m. To evaluate the effect of precipita-
tion deficit on hydraulic traits, we used the maximum climatologi-
cal water deficit (MCWD) calculated as the maximum value of the 
accumulated water deficit for each pixel within the year (Aragão 
et al., 2007). Precipitation was obtained from the 2000 to 2018 time 
series of the Tropical Rainfall Measuring Mission. To include the ac-
cumulated deficit of the entire low precipitation period, we defined 
our ‘hydrological year’ as the 12-month period running from May 
to April. Evapotranspiration (ET) was fixed at 100 mm per month, a 
value derived from the mean evapotranspiration measured at differ-
ent locations and stations in the Amazon (von Randow et al., 2004). 

The vapour pressure deficit was another relevant determinant 
of plant water relations, but it had a high correlation with MCWD 
(R = 0.8, p < 0.001) and thus was not included in the models. Soil 
fertility depends on many nutrients, but in the Amazon, phospho-
rus tends to be limited and considered key to forest productivity 
(Quesada et al., 2009). Due to the diversity of soil formations in the 
Amazon, originating from varied geological and geomorphological 
contexts and ages, we considered two metrics to represent soil fer-
tility: the concentration of exchangeable cations (Ca + Mg + K meas-
ured in cmol/kg) and phosphorus (mg/kg). Generally, phosphorus 
and cation concentrations are higher in younger soils, such as those 
derived from the Andes, while older soils in the Brazilian and Guiana 
Shields are poor in phosphorus. However, the central Amazon has 
several areas with soils derived from igneous Precambrian outcrops 
with high cation concentrations but low phosphorus, leading to an 
overall low correlation between cation and phosphorus concentra-
tions in our sampled plots (Figure  S2). The soil fertility data were 
directly measured for each plot at the local scale. Soil texture is also 
a determinant of soil water availability, but fractions of sand or clay 
were highly correlated with the water table depth in our dataset 
(clay, R2 = 0.57; sand R2 = −0.40, p < 0.001 in both cases) and thus not 
included in the models.

4.3  |  Vulnerability curves

Measurements were taken in 2016 in one site (AM-DUCK) and in 
2019 in three other sites, sampling 165 individuals of 64 species 
(See details in Table S1). In this study, we want to understand forest 
vulnerability to drought impacts at the ecosystem level; accordingly, 
we are focusing on the dominant species. We selected the domi-
nant species of each climate–soil–WTD combination based on the 
rankings of basal area and stem number. Despite a low sample size 
for the Amazonian scale, we cover a wide range of hydraulic traits 
considering tropical forests (Figure  S3) and a large range of envi-
ronmental conditions (Figure S4). The collection was performed in a 
typical year during the wet season. To standardize the height of the 
sampled branch in relation to the total height of the tree, branches 
were collected from the middle portion of the crown using a pruner. 
To ensure that vessels were closed, we collected 70- to 200-cm-long 
branches (Garcia, Hu, et al., 2021) and for the distribution of maxi-
mum vessel lengths. All collections were made at pre-dawn. Once 
the branches were collected, they were wrapped in a moist paper 
towel and placed into a dark plastic bag. The samples were returned 
to the lab within 1–3 h of branch collection.

In the lab, we used the pneumatic method (Pereira et al., 2016; 
Zhang et al.,  2018) to obtain per cent loss of conductivity (PLC) 
curves in relation to the declining water potential (Ψx). We took 
branch water potential measurements at full hydration using a pres-
sure chamber (PMS, Pressure Chamber Instrument, Oregon, USA), 
followed by air discharge measurements. We used the benchtop 
dehydration method to decrease the branch water potential values 
(Sperry & Saliendra,  1994), drying the branches while measuring 
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Ψx until full dehydration. We also measured the corresponding air 
discharge values. Measurements were made on two branches per 
individual tree. Before each measurement, we sealed our branches 
in a dark plastic bag for 40–60 min to equilibrate the xylem water 
potential. We calculated each branch's per cent loss conductivity 
(PLC), considering the minimum and maximum values. We pooled 
the data from the two branches replicated from the same tree to 
calculate 12%, 50% and 88% loss of conductivity (i.e., P12, P50 and 
P88). We fitted a line using a nonlinear two-parameter Weibull equa-
tion (Equation 1).

where Ψx is the xylem water potential, b the scale parameter and K the 
shape parameters to be estimated. The coefficients were estimated 
using nonlinear least-squares fitting using the optimx package in R (R 
Core Team, 2020).

We discarded some unreliable or overly noisy individual vulner-
ability curve measurements, ending with 109 individuals (see the 
individual curves in Figure S5).

4.4  |  Statistical analysis

To answer the first question—How do climatic water deficit, soil 
fertility and water table depth affect P12, P50 and P88 across the 
Amazon? We evaluate the effects of standardized soil phosphorus 
content (or exchangeable cations concentration), MCWD and WTD 
on plant hydraulic resistance with generalized linear models (GLM). 
Alternative models, including random factors for species and sites, 
were also tested to check if phylogenetic or spatial autocorrelation 
affected the results (Tables S3–S6). Data points on those analyses 
were the individual-level values of hydraulic traits. Data distribu-
tions were selected to the best fit in each analysis; we used gamma 
distributions for P50 and P88 and Gaussian distributions for P12. 
We used unsupervised model selection [dredge function, MuMIn 
package (Bartón, 2016)]. We established a correlation rule exclud-
ing fixed-effects variable pairs whose correlation was >0.4 (pairwise 
correlations in Figure S6). We have allowed all the possible interac-
tions among the three predictor variables. To identify the best model 
set, we applied the Akaike information criterion, with a correction 
for small sample sizes (AICc) to avoid the risk of overfitting. AICc ap-
plies a bias-corrected form, which adds a penalty on the number of 
parameters. All models within two units of the model with the lowest 
AICc were considered as having strong support, and the model with 
the lowest AICc value was assigned as the ‘best model’ (Burnham & 
Anderson, 2002). We used the visreg package in R to plot the partial 
effects of multiple regressions (Breheny & Burchett, 2017). We used 
WTD and MCWD values on the positive scale, representing the in-
creasing depth of water tables and increasing climatological water 
deficit. To answer our second question—Is there a difference in the 
predictive power of the environmental variables for P12, P50 and 
P88? We computed the relative weight of each predictor. This was 
achieved by summing model weights across all the models in the full 

set in which the respective predictor occurred. To test the phyloge-
netic signal, we estimated Blomberg's K with the function phylosig-
nal of the R package ‘picante’ (Kembel et al., 2010). Blomberg's K is a 
measure of the strength of phylogenetic signal in a dataset. It is cal-
culated as the ratio of the mean squared error of the tip data (MSE0), 
which is measured from the phylogenetically corrected mean, to the 
mean squared error (MSE) based on the variance–covariance matrix 
derived from the phylogeny under the assumption of Brownian mo-
tion evolution. When trait values are well predicted by the phylog-
eny, MSE is small, resulting in a large MSE0/MSE ratio (Blomberg 
et al., 2003). To build our phylogeny, we used V.PhyloMaker package 
(Jin & Qian, 2019, 2022).

In order to generate predictions of the geographical distribution 
of hydraulic traits, we modelled the hydraulic tree responses in our 
sites using environmental predictors derived from basin-scale lay-
ers. Then, we upscaled the predicted hydraulic values to maps of the 
Amazon basin. We used WTD from Fan et al.  (2013), and MCWD 
from TRMM, as described in the environmental measurements sec-
tion. In the absence of a spatial layer for phosphorus, we used the 
distribution model of exchangeable cation concentration across 
Amazonia (Zuquim et al.,  2019) as our soil fertility layer. We used 
a 1 km grid in each layer to obtain the environmental values for the 
basin-scale model. We used the coefficients of our best model (not 
including species effects since this would require knowledge of the 
species composition for all pixels) for the upscaling mapping (see 
Table S2). Then, we produced the geographical distribution of P12, 
P50 and P88. To determine the agreement of models using local ver-
sus basin modelled soil fertility data, we compared models consid-
ering the concentration of exchangeable cations directly measured 
at the local scale of each plot against those using the values derived 
from the basin-scale map of Zuquim et al. (2019) (Table S2). To inves-
tigate the utility of our hydraulic resistance maps as a resource to 
predict mortality across the basin, we extracted the estimated val-
ues of P12, P50 and P88 for the pixels where there were mortality 
rate data from Esquivel-Muelbert et al. (2020). We related embolism 
resistance to mortality rates with simple regressions. We used this 
dataset for mortality because, so far, it is the largest mortality data-
base for Amazon (131 sites).

To estimate the uncertainties linked to the predictions of P12, 
P50 and P88, we employed geospatial mapping techniques based 
on the standard error from our GLM model. Utilizing the ggplot2 
package, raster maps were generated to visualize the standard 
error categories associated with each variable. We established 
four distinct uncertainty categories based on the range of standard 
errors: for P12 and P50, low (0–1.2 MPa), medium (1.2–1.8 MPa) 
and high (>1.8 MPa), and P88 low (0–1.55 MPa), medium (1.55–
2.06 MPa) and high (>2.06 MPa) (Figure  S8), enabling a visual as-
sessment of the reliability of predictions across the study area. The 
threshold for defining the categories was based on 25%, 50% and 
75% quantiles.

Lastly, we looked at the frequency distributions of estimated hy-
draulic resistance values along the fertility and water table depth 
categories, using the median as a reference. The values above 1.21 

(1)PLC = 1 − e
−(Ψx∕b)

K
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cmol/kg were classified as high fertility, with the deep water table 
classified as >5 m.

All analyses were performed in R (R Core Team, 2020). The GLM 
analysis used the glm package (Hastie & Pregibon, 2017), and maps 
were produced with the raster package (Hijmans et al., 2013).
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