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Abstract
The Cerrado–Amazonia transition harbors forest and savanna formations under the 
influence of pronounced climate seasonality; however, the water use strategies of this 
key region is not yet well understood. This study aimed at deciphering in intra- and 
interspecific variability in leaf water potential regulation among species across three 
distinct vegetation types (typical cerrado, cerradão, and semideciduous seasonal for-
est) of the Cerrado–Amazonia transition region. We expected a variation across iso/
anisohydric strategies driven by plant–environment interactions and by species at-
tributes (phenology and wood density). We selected 21 dominant species (seven per 
vegetation type), recorded their phenological strategy and wood density, and meas-
ured leaf water potential (Ψl) during the dry and rainy seasons to analyze variations 
associated with minimum Ψl, predawn Ψl (ΔΨpd), and midday Ψl (ΔΨmd) under the effect 
of variable vapor pressure deficit (VPD). The variation in Ψl across species was higher 
in the dry season than in the rainy season for all vegetation types. Most species from 
typical cerrado and cerradão showed similar behavior patterns, with higher Ψl regula-
tion under high VPD and lower ΔΨpd. In contrast, most forest species showed lower 
regulation under high VPD, and higher ΔΨpd. Total or partial deciduousness together 
with strong stomatal regulation seems to be common water regulation strategies in 
the dry season for cerrado species but not for forest species. Our results suggest that, 
if drought events become more intense and frequent as predicted, seasonal forest 
species may be more vulnerable due to their lower Ψl regulation.

Abstract in Portuguese is available with online material.
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1  |  INTRODUC TION

Species distributions occur along gradients of water availability, with 
complex interactions between community composition and physi-
ological responses of individual species to a given environmental 
change (Aguirre Gutiérrez et al., 2019). Thus, a marked seasonality 
in water will favor plants with traits and ecological strategies that 
enhance survival under such circumstances (Franco et al., 2005). 
Hence, plants occurring in highly seasonal habitats will display spe-
cialized mechanisms for water acquisition, maintenance, and use, to 
guarantee a favorable water balance during periods of low water 
availability (Oliveira et al., 2014).

The most common water transport pathway in plants occurs from 
the soil to the air (i.e., the continuous soil–plant–atmosphere) (Tyree, 
2003), where water flows from less to more negative water poten-
tials, establishing a difference of potentials through a water potential 
gradient (Larcher, 1995; Oliveira et al., 2014). The leaf water poten-
tial (Ψl) reflects the tension in which the xylem transports water, 
and it is a useful variable to infer the water status of the plant. Leaf 
water potentials are influenced by two main abiotic factors, by the 
atmospheric evaporative demand and the water availability in the 
soil (Oliveira et al., 2005; Palhares et al., 2010). High vapor pres-
sure deficits (VPD) during the dry season expose plants to stressful 
conditions (Prado et al., 2004) and require effective stomatal reg-
ulation processes to avoid excessive water loss and regulate plant 
water transport (Larcher, 1995; Martínez-Vilalta et al., 2014). Based 
on the mechanism of transpiration regulation over time, species can 
be classified along a continuum of variation between two extreme 
strategies: isohydric species, which adjust their stomatal opening to 
avoid significant drops in Ψl, with increasing water stress (Martínez-
Vilalta & Garcia-Forner, 2017). At the other extreme, anisohydric 
species do not adjust their stomata opening with increasing water 
stress, and thus, their Ψl declines with increasing water stress (Jones, 
1998; Ratzmann et al., 2019; Tardieu & Simonneau, 1998).

The Cerrado–Amazonia transition has a strongly seasonal cli-
mate and a wide range of vegetation types, ranging from open 
savannas with highly diurnal temperatures and solar radiation, to 
closed-canopy formations with high moisture and the presence of 
Amazon forest species (Marimon et al., 2006, 2014). The dry season 
in the Cerrado, which usually extends from May to October, is char-
acterized by low air relative humidity and high evaporative demand. 
At the same time in the dry season, soil dries from the surface down-
wards, and soil water potentials in the near-surface layers can reach 
values below −3.0 MPa (Franco, 2002). Although some authors sug-
gest that many woody species from cerrado have deep roots and can 
access deep soil moisture throughout the year (Bucci et al., 2008; 
Oliveira et al., 2005), the simple access to underground water re-
serves does not ensure they extract enough water to compensate 
for the high evaporative demand during prolonged droughts (Franco 
et al., 2007). On the contrary, evergreen species and species in for-
est and transitional formations tend to have lower photosynthetic 
capacity (Gvozdevaite et al., 2018), stomata with high sensitivity to 
the increase in the atmospheric evaporative demand (Cunningham, 

2004), and a broad range of soil water extraction patterns, from 
shallow-rooted to deep-rooted (Juárez et al., 2007; Oliveira 
et al., 2005). Hence, savanna and forest formations of the Cerrado–
Amazonia transition provide a good opportunity to investigate how 
species from different vegetation types respond to limiting access to 
water. These species are under the influence of pronounced climate 
seasonality, high temperatures, and marked variations in humidity, 
which can trigger a water deficit gradient during the year (Marimon 
et al., 2020; Peixoto et al., 2018; Reis et al., 2018). In this highly sea-
sonal region, Ψl regulation may be a distinct trait reflecting ecologi-
cal strategies across species in different vegetation types. Based on 
the premise that physiological activity of the root system and leaf 
stomatal control depends on the balance between the atmospheric 
evaporative demand and the water availability in the soil (Oliveira 
et al., 2005, 2014; Palhares et al., 2010), we aim at deciphering the 
intra- and interspecific variability in Ψl regulation among species and 
vegetation types. We expect that the variation in iso/anisohydric 
strategy will respond to plant–environment interactions (Hochberg 
et al., 2018); that is, we expect that differences among vegetation 
types will be strongly driven by differences in VPD across vegeta-
tion types. We expect that most dominant species in closed-canopy 
vegetation types (i.e., forest and cerradão) will have low regula-
tion of leaf water potentials (i.e., anisohydric behavior), while most 
dominant species in open environments (typical cerrado) will have 
stronger leaf water regulation mechanisms, that is, isohydric behav-
ior. However, we do expect species-specific responses to leaf water 
regulations driven by phenology and wood density, with deciduous 
and brevideciduous species being less conservative in water use and 
thus showing a lower leaf water potential regulation (i.e., anisohydric 
strategy) to compensate for their short leaf longevity. Similarly, we 
would expect tendency of species with low wood density to have 
also more acquisitive, low leaf regulation strategy, but we expected 
this effect to be lower than of leaf phenology.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

The studied areas are located in southern Amazonia, in the transi-
tion between Cerrado and Amazonia biomes, state of Mato Grosso, 
Nova Xavantina municipality (Figure 1). The climate is Aw, accord-
ing to Köppen's classification (Kottek et al., 2006), with well-defined 
wet (October–March) and dry (April–September) seasons. Between 
2000 and 2017, the average annual rainfall was 1364  mm, with a 
minimum of 957.1 mm (2007) and the maximum of 1858 mm (2006) 
(INMET, 2018). The average annual temperature recorded in this 
period was 26.3°C, with the lowest average annual temperature re-
corded in 2003 and 2007 (18°C) and the highest in 2007 (34.5°C). 
Between 1997 and 2019, this region also presented a general trend 
of markedly increasing temperature and declining precipitation, with 
more negative maximum cumulative water deficit values (Marimon 
et al., 2020).
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There is a marked difference in vegetation types in the study 
area, with distinct vegetation types and species composition com-
prising typical savanna and forest formations (Marimon et al., 
2014). We assessed three contrasting vegetation types: savanna 
(typical cerrado—STC, Figure S1), transitional tall savanna wood-
land community (cerradão—SCF, Figure S2), and forest (semide-
ciduous seasonal forest—SSF; Figure S3). Typical cerrado and SCF 
occur in the Bacaba Municipal Park (14°41’ S; 52°20’ W), while SSF 
is located at Vera Cruz Farm (14°49’27.1” S; 52°10’2.9” W), 25 km 
away from the other two (Figure 1). We carried out the study in 
1-ha permanent plots that belong to the long-term monitoring 
projects PELD (Transição Cerrado–Amazônia: bases ecológicas e 
socioambientais para a conservação) and RAINFOR (http://www.
fores​tplots.net).

The STC is a cerrado stricto sensu subtype with predominantly 
arboreal–shrubby vegetation, 20 to 50% of tree cover, and tree 
heights between 3 and 6 m (Ribeiro & Walter, 1998). The SCF is 
characterized by mostly continuous canopy with xeromorphic 
aspects, being considered an ecotonal community (Ratter, 1971), 
with species (e.g., Hirtella glandulosa and Emmotum nitens) that 
characterize the transition between forests and savannas on 
the southern Amazonian border (Marimon et al., 2006). The SSF 
is characterized by tall and closed-canopy vegetation and well-
defined vertical strata (Askew et al., 1970; Marimon et al., 2006). 
The STC and SCF have Red-Yellow Latosols, dystrophic, acidic, 
and alic soils (Marimon-Junior & Haridasan, 2005), and the SSF has 
Plinthosols (Marimon et al., 2014). The characteristics of the soils 
of the STC and SCF vegetations are very similar with the biggest 

F I G U R E  1  Location of study areas 
(typical cerrado; Cerradão; forest: 
semideciduous seasonal forest) in 
reference to Brazil, Mato Grosso State, 
and Nova Xavantina Municipality. Data 
base: MMA (Ministry of the Environment; 
site: mapas.mma.gov.br) 

http://www.forestplots.net
http://www.forestplots.net
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difference being the percentage of gravel in the top 10 cm (28% in 
STF and 18% in STC). The properties of the STC are as follows: Al 
(0.9 cmol (+) kg−1), Ca (0.26 cmol (+) kg−1), Mg (0.5 cmol (+) kg−1), P 
(0.33 mg kg−1), and Mg/Ca ratio (0.4). The properties of SFC are as 
follows: Al (1.2 cmol (+) kg−1), Ca (0.3 cmol (+) kg−1), Mg (0.6 cmol 
(+) kg−1), P (0.26 mg kg−1), and Mg/Ca ratio (0.3) (Marimon-Junior & 
Haridasan, 2005). The soil in the SSF has more than 28% gravel in 
the top 10 cm. This value progressively increases until it forms an 
almost continuous semiconcretionary rock of hydromorphic later-
ite at approximately 90-cm depth. It has Al (0.74 cmol (+) kg−1), Ca 
(0.66 cmol (+) kg−1), Mg (1.09 cmol(+) kg−1), K (0.21 cmol(+) kg−1), P 
(3.18 mg kg−1), and Mg/Ca ratio (1.8) (Marimon-Junior et al., 2019). 
Climate conditions were fairly similar in the different vegetation 
types, with mean temperatures of 31°C in the rainy season and 
34.4°C in the dry season, and relative humidity oscillating between 
31.5% in the dry season and 68% in the wet season (see Table 3 for 
a more detailed characterization of vapor pressure deficit among 
vegetation types and time of the year).

2.2  |  Species selection

To assess leaf water regulation patterns, we selected the seven most 
representative species in each area, which showed the largest basal 
area contribution in the community, comprising a total of 21 species. 
In the STC, we choose adult trees with at least 5  cm in diameter 
at breast height (dbh), and in SCF and SSF, we selected trees with 
≥10 cm of dbh. Data for tree height and dbh were extracted from 
census performed in 2015. Species-specific wood density data were 
extracted from RAINFOR data base for the studied plots (RAINFOR 
contains plot-specific field-collected data). Phenology was deter-
mined by B.S. Marimon (data not published).

The different vegetation types studied had a distinct composi-
tion in dominant species (Table 1). The seven studied species at STC 
represented 34.7% of the total basal area, with the most dominant 
species Qualea parviflora representing almost 10% of the total plot's 
basal area and the least dominant species representing 3.4% (Qualea 
grandiflora). The STC was the only vegetation type with fully decidu-
ous species (three deciduous species, two brevideciduous, and two 
evergreen). Most species were relatively small trees (height average 
5.9 ± 1.5 m), with the tallest species Roupala montana having average 
tree size of 11.2 ± 4.1 m and the smallest Davilla elliptica having aver-
age tree size of 3.0 ± 1.0 m (Table 1). In the SCF, the dominant stud-
ied species represented 64.1% of the total basal area, with the most 
dominant species Hirtella glandulosa representing 20.5% of the total 
plot's basal area and the least dominant species representing 4.3% 
(Eriotheca gracilipes). The SCF had six evergreen and one brevidecid-
uous species, and average tree size was 9.0 ± 2.9 m; less variation 
was found in average tree size by species than in the STC (Table 1). 
The SSF plot's studied species represented 49.3% of the total plot's 
basal area, with the most dominant species Ephedranthus parviflorus 
representing 10% of the total plot's basal area, and the least domi-
nant Brosimum rubescens representing 3.3% of the total plot's basal 

area. There were five evergreen and two brevideciduous species, 
and the tree height averaged 11.0 ± 3.0 m (Table 1).

2.3  |  Measurements of leaf water potential (Ψl)

In August 2016 (peak of the dry season) and January, February, and 
March 2017 (rainy season—measurements for each individual were 
conducted only once for the period), we measured the Ψl in two 
leaves of five individuals from each species, using a pressure cham-
ber (PMS Instruments Co.; model: 1505D-EXP; Scholander et al., 
1965). Measurements were taken at four different times during 
the day: predawn (0400–0600 GMT-4), early morning (0700-0900 
GMT-4), late morning (1000-1130 GMT-4), and midday (1200–
1400 hours GMT-4) in all vegetation types. We selected healthy and 
mature leaves, exposed to the sun at about 2.5–3.5 m height in the 
STC and SCF sites, and about 3–4 m in the SSF site. We also meas-
ured the temperature and relative humidity with a portable weather 
station (Kestrel 3500) in the vicinity of trees and where the leaves 
were collected. With these data, we calculated the vapor pressure 
deficit (VPD) in each vegetation type (Abtew & Melesse, 2013).

2.4  |  Data analysis

We analyzed leaf water potential regulation at two levels: species 
and vegetation types. We adopted the terminology of maximum 
water potential value (Ψmax) for the least negative potentials and the 
minimum water potential value (Ψmin) for the most negative poten-
tials of the day. We performed all analyses in the R 4.0.1 environ-
ment (R Core Team, 2020) and considered p-value < .05.

We determined the relationship between predawn (Ψpd) and 
midday (Ψmd) leaf water potential, for all species and vegetation 
types, to access Ψl regulation. We used the linear model proposed 
by Martínez-Vilalta et al. (2014), Ψmd = Λ + σ * Ψs, where Ψs is the 
soil water potential, which we considered to be similar to Ψpd (Brum 
et al., 2017; Larcher, 1995; Tardieu & Simonneau, 1998); σ represents 
the slope angle and is a proxy of the transpiration sensitivity to 
changes in water availability. For each species, we analyzed this rela-
tionship using the model Ψmd ~ Ψpd + (Ψpd | individuals). Individuals of 
each species were included as random and fixed effects in the model 
to estimate the values of slopes (σ) and intercepts (Λ) of the specific 
relationships between Ψmd and Ψpd for each species. We measured 
each set of individuals of a given species under the same environ-
mental conditions. Next, we classified species as strict isohydric if 
the σ value and its confidence interval (CI; defined as σ ± 1) included 
zero (σ = 0), strict anisohydric if the CI of σ included 1 (σ = 1), partially 
isohydric if CI did not include 0 and 1 (0 < σ < 1), and extreme aniso-
hydric if CI did not include 1 (σ > 1) (Martínez-Vilalta et al., 2014). 
For each species and communities, we also inferred the control of 
water potential through ΔΨmd, which is the difference between the 
minimum Ψl at midday in the rainy season and the minimum Ψl in the 
dry season (Martínez-Vilalta & Garcia-Forner, 2017). We also used 
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the variation in Ψpd (ΔΨpd), calculated by the difference between Ψpd 
in the rainy season and dry season, to estimate the root depth of 
species in relation to the water availability in the soil (Scholz et al., 
2012). For this latter step, we used the modular values of the deltas.

To perform analyses at the vegetation-type level, we calculated 
the basal area-weighted average for each attribute (Ψmin, ΔΨpd, 
ΔΨmd, and σ). We also calculated the relative dominance in the basal 
area of the species, which corresponds to the species-specific total 
basal area dividing by the total plot basal area (i.e., the sum of the 
basal areas of all species in the plot) (Shepherd, 2010). We used the 
weights, quantreg, and Hmisc packages (R Core Team, 2020).

We explored whether Ψl varied between species and among the 
four different periods of the day assessed in each season (dry and 
rainy). Then, we tested whether Ψl and other hydraulic traits (Ψmin, 
ΔΨpd, and ΔΨmd) varied among the vegetation types and the differ-
ent seasons (dry and rainy). For the analyses, we used Kruskal–Wallis 
non-parametric test, followed by the Dunn test as a post hoc anal-
ysis, since data did not follow normality assumptions for paramet-
ric tests. We used plyr, dunn.test, and FSA packages (Dunn, 1964; 
Wickham, 2011).

We further explored whether any potential differences in Ψl 
across species and vegetation types were driven by VPD by per-
forming linear regression analysis for each species, vegetation 
type, and season. We then compared linear regression curves for 
the bivariate relationship of Ψl and VPD between different vegeta-
tion types (standardized major axis—SMA), using the smatr package 
(Warton et al., 2012), for log-10 transformed variables.

To examine the amount of hydraulic trait variation explained 
across different nested scales, we partitioned variance within and 
among vegetation types, phenological groups, and species. The de-
composition of variance followed Messier et al. (2010), using the 
package cati (Taudiere & Violle, 2015).

We used generalized linear mixed models to understand the in-
fluence of vegetation type, phenological groups, and wood density 
(fixed effects) in the variation in Ψpd and Ψmd, as well as the slope 
angle (σ), with species as random effect. We built different models 
for each response variable using package lme4 and compared group 
means using packages car and emmeans.

3  |  RESULTS

3.1  |  Effect of seasonality on Ψl

We found a broad variation in Ψl among species and vegetation 
types (Table 1). The Ψmin varied from −2.8 ± 0.9 MPa (Q. grandiflora) 
to −0.9 ± 0.4 MPa (E. gracilipes). Most species had an average Ψpd 
between 0 and −1 (Table 1), although three out of the seven spe-
cies studied in SSF had average Ψpd below −1 (Amaioua guianensis, 
Chaetocarpus echinocarpus, and E. parviflorus). In case of A.guianensis, 
this was because this species recorded the most negative Ψpd during 
the dry period (−3.5 ± 0.9 MPa) among all species (Figure S4). Most 
species showed Ψpd below −1  MPa during the dry season (Figure 

S4), except for E. gracilipes (−0.54 ± 0.23 MPa), Euplassa inaequalis 
(−0.73 ± 0.08 MPa), and R. montana (−0.81 ± 0.15 MPa), all species 
occurring at the STC vegetation type. There was much more varia-
tion in Ψmd than in Ψpd among species in both the rainy and dry sea-
sons. In the rainy season, Myrcia splendens exhibited the lowest Ψmd 
(−2.0 ± 0.6 MPa), and in the dry season, A. guianensis consistently 
exhibited the most negative values (−4.0  ±  0.3  MPa), although C. 
echinocarpus and Q. grandiflora also occasionally reached negative 
values up to −4 MPa (Figure S4). Overall, species from the SSF veg-
etation type had largest ΔΨmd (except for C. echinocarpus; Table 1).

Regarding communities, in the rainy season, Ψl values in the 
forest vegetation type remained higher than those of other vegeta-
tion types (Figure 2a; SSF and SCT—dry season: Z = 4.48; p < .001 
and rainy season: Z = −3.94; p <  .001; and SSF and STF—dry sea-
son: Z = 1.97; p <  .001 and rainy season: Z = 3.89; p < 1 0.00). In 
contrast, in the dry season, the forest vegetation type showed the 
lowest mean values of Ψl at all times of the day, with a continuous 
decrease from predawn to midday (p < .05 for all tests, Figures 2b 
and S5). Regarding the Ψl variability across the year, we observed a 
significantly higher ΔΨpd (Dunn test, Q2 = 16.92, df =2, p <  .001) 
and ΔΨmd in SSF compared with other vegetation types (Q2 = 3.72, 
df =2, p < .001, Figures 2c and S5).

3.2  |  Regulation of Ψl

We observed that 47% of the study species are partially isohydric, 
and 43% are extreme anisohydric (Figure 3). E. gracilipes was the only 
strict isohydric species, which showed the same pattern in both typi-
cal STC and SCF (Figure S6). This species showed a slope coefficient 
σ =  0, very low correlation coefficient values (Table 1, Figure S6), 
and it was the only species for which σ coefficient value was not sig-
nificant (p > .1). Therefore, we performed subsequent linear mixed 
models both with and without it.

When separated by vegetation types, we observed that 57% of 
species in STC and SCF were partially isohydric, whereas most spe-
cies in SSF were extremely anisohydric (71%). We also found that 
all deciduous species were partially isohydric, while evergreen and 
brevideciduous species varied among vegetation types (Table 1). The 
SSF species, Cheiloclinium cognatum, and the STC and SCF species, 
E. gracilipes, represented the opposite extremes in Ψl regulation (i.e., 
they were the most strictly anisohydric and isohydric respectively, 
Figures 3 and S6, Table 1).

The ΔΨpd and ΔΨmd differed between vegetation types (Table 2, 
Figure 4), with the species from SSF being the ones that showed 
the least regulation (Table 1), that is, the higher ΔΨpd and ΔΨmd. The 
difference between vegetation types was maintained whether the 
species E. gracilipes was included (Table 3, Figure 4) or not included 
in the analyses (Table S1, Figure S7).

Leaf phenology influenced both ΔΨpd and σ, with deciduous spe-
cies showing lower values, while brevideciduous species showed 
higher values and evergreen intermediate values (Figure 4, Table 3). 
Wood density only influenced σ, where species with denser wood 
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showed higher slope angles, meaning that they had a more anisohy-
dric behavior (Figure 4, Table 3). This relationship disappeared when 
E. gracilipes—that had the lowest wood density of all species—was 
excluded from the analysis (Table S1, Figure S7).

Overall, vegetation type explained a significant part of the vari-
ation for σ (~38%), ΔΨpd (~19%), and ΔΨmd (~68%), even though leaf 
phenology also helped explaining the variation for these hydraulic 
traits (ranging from 2 to 32% of the variance; Figure S8). Remarkably, 
100% of the variation in Ψmin and Ψmd was explained by species 
(Figure S8).

3.3  |  Effect of VPD on leaf water potential (Ψl)

The VPD differed among vegetation types but was higher in the dry 
season in all areas (Table 3 and S2), with a significant negative cor-
relation between VPD and Ψl (Figure 5). The SSF showed the lowest 
Ψl values and the lowest VPD amplitude in both seasons (Figure 5 
and Table 3).

In the dry season, VPD in the STC was 20% higher than that re-
corded in the SCF, and approximately 30% higher than that of the 
SSF (VPDSTC > VPDSCF > VPDSSF), which confirms that species are 
subject to a higher atmospheric water demand during this season in 
the savanna vegetation (Table 3). We also observed a direct relation-
ship between the decrease in Ψl and the increase in VPD; the SCF 
showed environmental variations more similar to STC than to SSF, 
which showed the lowest Ψl in the dry season (Figure 5).

Looking at species-specific responses (Figure S9), the STC spe-
cies Guapira graciliflora, the SCF species Tapirira guianensis, and the 
shared STC and SCF species E.gracilipes showed the lowest response 
to shifts in VPD in the dry season. The species with strongest re-
sponses to changes in VPD in the dry season were E. parviflorus from 
the SSF, R. montana from STC, and Xylopia aromatica from SCF.

4  |  DISCUSSION

Our results showed different strategies for water use among species 
and vegetation types in the Brazilian Cerrado–Amazonia transition. 
We observed differences between the leaf water potential regula-
tion of forest species in relation to typical cerrado and cerradão spe-
cies, which tended to show stronger leaf water potential regulation 
(partial isohydric strategy) than forest species (anisohydric strategy).

Our main working hypothesis was that there would be strong 
plant–environment interactions and that there would be more aniso-
hydric species in the closed-canopy vegetation types (forest and 
cerradão) than in open-canopy vegetation types (typical cerrado). 
Contrary to our expectations, we found that hydraulic traits of the 
cerradão species were generally more similar to typical cerrado than 
to the semideciduous seasonal forest. Cerradão is a transitional com-
munity floristically closer to forests than savannas (Morandi et al., 
2016), and its vegetation structure (e.g., tree size, phenology) was 
also more similar to the forest than to the typical cerrado (Table 1). 
The typical cerrado in our study area is turning to a dense cerrado by 
increasing its biomass and incorporating species that form close can-
opies, due to long-term fire exclusion (Morandi et al., 2016; Ribeiro 
& Walter, 1998).

F I G U R E  2  Leaf water potential (Ψleaf, MPa) at predawn (0400–
0600 h GMT-4) and at midday (1200–1400 h GMT-4) in the 
different vegetation types (typical cerrado (STC)—orange boxes, 
cerradão (SCF)—light green boxes; and semideciduous seasonal 
forest (SSF)—dark green boxes) for the (a) rainy and (b) dry seasons. 
(c) Variation across the year in Ψl at predawn and the variation in Ψl 
at midday. Boxplots showing median and 25° and 75° percentiles. 
Different letters show statistical differences between vegetation 
(p < .05) 
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On the one hand, our models corroborated a strong effect of 
vegetation type on the hydraulic properties studied, and the fact 
that both the typical cerrado and the cerradão are more similar than 
the cerradão and the forest suggests a strong plant–environmental 
filtering. Indeed, the typical cerrado and cerradão sites have sim-
ilar soil properties (Marimon-Junior & Haridasan, 2005) and VPD 
(Table 3). On the other hand, the lower variation in the Ψpd (values 

did not decrease much in the dry season) for most typical cerrado 
and cerradão species (compared to forest species) suggests that 
they may be growing with access to water in the soil (Palhares et al., 
2010), and the fact that the forest site has a laterite layer at 90 cm 
corroborates the shallow soils of the studies forest site. Although we 
did not explicitly include root depth (instead used a proxy through 
ΔΨpd) or measured soil moisture profiles in this study, future re-
search should explore these interactions in the Amazon–Cerrado 
transition, because root structure and soil moisture are key factors 
in plant hydraulic patterns (Oliveira et al., 2021). Deep roots are crit-
ical to maintain water balance of cerrado ecosystems (Oliveira et al., 
2005), despite involving higher maintenance costs or strict control 
of plant water balance (Franco et al., 2005). For example, Eriotheca 
gracilipes, which showed little seasonal variation in leaf water poten-
tial, develops a main root of approximately 2.5 m in length, without 
many fine roots (Durigan et al., 2012). In the cerrado, brevideciduous 
and deciduous species have dimorphic root systems (both shallow 
and tap roots), while evergreen species have mostly a monomorphic 
root system (deep roots) (Scholz et al., 2012). In such conditions, 
hydraulic redistribution may also be an important operating mech-
anism, which has already been observed for some cerrado species 
included in this study such as the most dominant species in our typ-
ical cerrado site, Qualea parviflora and Roupala montana (Bucci et al., 
2008; Scholz et al., 2002). However, to the best of our knowledge, 
there are no studies on the root systems and phenology relation-
ships in seasonal semideciduous forest species.

F I G U R E  3  Leaf water potential 
regulation of 21 species divided into 
vegetation types: typical cerrado (STC) 
(orange circles), cerradão (SCF (light green 
circles), and semideciduous seasonal 
forest (SSF) (dark green circles). The 
slope angle (σ ± CI—confidence interval) 
estimates the value that allows classifying 
the species as strict isohydric (white 
area), partially isohydric (light gray area), 
and extreme anisohydric (dark gray 
area). No species was identified as strict 
anisohydric 

TA B L E  2  Generalized linear model results for the variation Ψl 
at predawn (ΔΨpd); and variation of Ψl at midday (ΔΨmd) and the 
slope angle (σ) of the relationship between leaf water potential at 
predawn (Ψpd) and midday (Ψmd), with vegetation type, phenology, 
and wood density as fixed effects

Response 
variable

Source of 
variation Chisq d.f. p-Value

Δψpd Vegetation type 16.30 2 <.001

Wood density 0.27 1 .605

Phenology 6.93 2 .031

Δψmd Vegetation type 8.99 2 .011

Wood density 1.04 1 .308

Phenology 0.23 2 .891

σ Vegetation type 16.90 2 <.001

Wood density 11.78 1 <.001

Phenology 8.15 2 .017

Note: Bold are statistically significant (p < .05).
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On the other hand, atmospheric demand in the typical cerrado 
and cerradão was consistently higher than for the forest in both 
seasons. The stronger regulation of Ψl recorded for most typical 
cerrado and cerradão species was probably related to a more ef-
ficient regulation of stomatal opening in response to changes in 
VPD, shown by the fact that the most negative leaf water potentials 

in typical cerrado and cerradão usually occurred at 1000 am and 
were maintained at 1200. This is in accordance with other studies 
that found strong influence of atmospheric demand variability in 
stomatal regulation of the community dominant species (Franco & 
Lüttge, 2002; Garcia et al., 2021). Indeed, many cerrado species 
during the dry season increase their stomatal conductance and 
sap flow in the early morning, followed by an acute decline in both 
stomatal conductance and sap flow before VPD peaks in the early 
afternoon (Bucci et al., 2008; Goldstein et al., 2008). Moreover, 
previous studies have reported that the total or partial decidu-
ousness of most cerrado and cerradão species helps to decrease 
water loss by leaf transpiration in the dry season (Goldstein et al., 
2008). Finally, partially or total leaf shedding in the dry season also 
exerts an important role in leaf water regulation as shown in this 
study, provided that the fewer the leaves, the lower the leaf area 
and thus the lower the water demand. Nonetheless, leaf shedding 
did not explain water regulation in the forest site because most 
forest species showed a lower regulation of Ψl, with higher drop in 
Ψl and higher ΔΨpd, which might indicate that either these species 
have acquisitive strategies (e.g., rapid growth) or high resistance to 
embolism (Oliveira et al., 2021).

F I G U R E  4  Comparison between the 
variation of Ψl at predawn (ΔΨpd); and 
variation of Ψl at midday (ΔΨmd) and the 
slope angle (σ) of the relationship between 
leaf water potential at predawn (Ψpd) and 
midday (Ψmd) for the different vegetation 
types (typical cerrado [STC], cerradão 
[SCF], and semideciduous seasonal 
forest [SSF]), different phenological 
groups, and the relationship with wood 
density. Statistics are shown in Table 2. 
Boxplots showing median and 25° and 
75° percentiles, and different letters show 
statistical differences between groups 
(p < .05). Solid lines show significant 
relationships (p < .05) 

TA B L E  3  Characterization of the vapor pressure deficit (KPa) of 
the vegetation types (STC = typical cerrado, SCF = cerradão, and 
SSF = semideciduous seasonal forest) in dry (r2 = 0.14; p < .001) 
and rainy (r2 = .32; p < .001) seasons

Seasons STC SCF SSF

Dry

Maximum 4.95 4.73 3.77

Minimum 0.43 0.18 0.3

Mean ± SD 2.43 ± 1.63 1.94 ± 1.59 1.69 ± 1.64

Rainy

Maximum 2.80 3.13 1.13

Minimum 0 0 0

Mean ± SD 0.92 ± 1.52 0.74 ± 1.53 0.2 ± 1.63
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The differences in Ψl among species suggest a substantial inter-
specific variation in hydraulic functioning regulation of the different 
vegetation types. Specifically, we found an effect of leaf phenol-
ogy and wood density in driving the leaf water potential regulation, 
although this effect was lower than the effect of vegetation type 
(Table 3). Leaf phenology had a significant effect on ΔΨpd and σ, 
with deciduous species having a more negative ΔΨpd and σ closer 
to 0 than brevideciduous, but evergreen species were not different 
from the other strategies. Brevideciduous species are functionally 
evergreen because they seldom remain leafless for more than a few 
days (Bucci et al., 2005). The lack of difference between evergreen 
and the other phenological groups is probably due to the intraspe-
cific variability within phenological groups, which we speculate that 
might be driven by the presence of evergreen species across the 
three vegetation types. Unfortunately, due to an unbalanced design 
(deciduous species were only present in the typical cerrado site), 
we could not include the interaction between vegetation type and 

phenology in our models. These results are in accordance with de 
Souza et al. (2020), who reported intraspecific variability in water 
use strategies within deciduous trees in tropical seasonal dry for-
ests of the Caatinga. Nonetheless, in the cerrado, species of the 
three phenological groups overlap substantially in ecophysiolog-
ical characteristics (Goldstein et al., 2008). Goldstein et al. (2008) 
suggested that the use of functional trade-offs and syndromes was 
more appropriate than the use of phenological categories because 
the grouping of cerrado species in the latter is somewhat arbitrary, 
and the description of functional type typologies that represent 
variation along a continuum may represent better the ecological 
complexity resulting from the adaptations of cerrado tree species 
to their environment.

Other studies have reported differences between cerrado and 
semideciduous season forest regulation of leaf water potential (e.g., 
Gotsch et al., 2010), but to the best of our knowledge, this is the 
first study reporting the diverging leaf water regulation of cerradão 

F I G U R E  5  Linear regression between 
the leaf water potential (Ψl, MPa) and the 
vapor pressure deficit (VPD, KPa) of the 
typical cerrado (STC) (orange), cerradão 
(SCF) (light green), and semideciduous 
seasonal forest (SSF) (dark green), in the 
Cerrado–Amazonia transition, Brazil. 
Circles represent individuals sampled 
in each vegetation type. Individual 
slopes between regression lines differed 
between vegetation types in both rainy 
(p < .001) and dry seasons (p < .001) 
(standardized major axis—SMA). Individual 
slopes, confidence intervals, and 
correlation coefficients are shown in 
Table S2 
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dominant species to semideciduous forest dominant species at the 
Amazon–Cerrado transition.

As extreme drought events become more intense and frequent 
in this zone of ecological tension/stress on the southern Amazonia 
(Marimon et al., 2014; Reis et al., 2018, Rifai et al., 2018), higher 
VPDs and decreases in soil moisture might impose riskier conditions 
for some species. Some studies have shown that, in isohydric spe-
cies, xylem vessels embolize more frequently, since the Ψmin is close 
to P50 (i.e., Ψl value in which the stem hydraulic conductivity is re-
duced by half), with a small safety margin (McDowell, 2011). On the 
contrary, these authors also noted that anisohydric species have a 
higher safety margin because they maintain xylem tension above the 
water potential values that usually cause embolism. Further research 
linking water use regulation strategies and xylem properties is ur-
gently needed for the Cerrado–Amazonia transition.

5  |  CONCLUSION

The hydraulic functioning of the species within the three studied veg-
etation types differed in response to the marked climate seasonality of 
the region, and to phenology. Species from the typical cerrado and cer-
radão showed relatively similar hydraulic strategies with partially isohy-
dric behavior and strong leaf water regulation under high atmospheric 
pressure demands, while forest species had lower leaf water regulation, 
and our study supports the hypothesis of plant–environment interac-
tions playing a major role in leaf water regulation and the existence of 
niche partitioning due to abiotic filtering (atmospheric demand).

Our study described how leaf water traits vary throughout the 
year for the major vegetation types that occur in the transition of the 
two largest South American biomes. It also advanced the knowledge 
of the hydraulic functioning patterns of this unique and vulnerable 
region, to better understand species- and community-level hydraulic 
responses in a future scenario of more frequent and more extreme 
drought events.
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