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Abstract
Water-use strategies, i.e., the ratio of carbon gain to water loss, reflect how efficiently a plant assimilates carbon mini-
mizing water loss. Leaf anatomical traits are crucial in shaping these strategies. Here, we look at evidence of water-use 
strategies from assessing leaf anatomical traits in two co-occurring species from the Cerrado (Brazilian savanna) and 
the Caatinga (a seasonally dry tropical forest in Brazil). We tested whether these species exhibit convergent anatomical 
adaptation or distinct structural responses, and whether individuals of the same species would exhibit distinct responses to 
water-use strategies between sites. We collected leaves from fully sun-exposed branches of individuals of the co-occurring 
species Tabebuia aurea and Tocoyena formosa, and performed light and scanning electron microscope observations of 
leaf anatomical traits to assess differences between sites. Leaf anatomical traits explained differences between sites only 
for Tabebuia aurea: individuals from the Cerrado exhibit thicker leaves and spongy and palisade parenchyma, and higher 
frequency of peltate trichomes, while those from the Caatinga show thicker abaxial and adaxial epidermis and a greater 
proportion of intercellular air space in the mesophyll. No differences are observed between individuals of T. formosa. 
Therefore, there is no convergent leaf anatomical response of species driven by environmental constraints. The variation 
in individuals of T. aurea between sites reflects contrasting functional adjustment aligning in opposite directions along 
the conservative-acquisitive strategy spectrum: Caatinga individuals show anatomical traits associated with an acquisitive 
strategy, while Cerrado individuals exhibit traits linked to a more conservative water-use strategy.

Key message
There is no convergent leaf anatomical adaptation between species driven by site. Leaf traits variance in T. aurea reflects 
contrasting functional adjustment in opposite directions between the Cerrado and Caatinga.

Keywords  Caatinga · Cerrado · Functional adjustment · Leaf anatomy · Seasonally dry vegetations · Water-use 
efficiency
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Introduction

Leaf anatomy is a key adaptive trait shaping plant fitness 
and survival across different environments, as it directly 
influences photosynthesis and water-use efficiency (WUE) 
(Terashima et al. 2011; Tomás et al. 2013; Trueba et al. 
2022; Petrík et al. 2022). In broad terms, WUE is defined as 
the ratio of carbon gain (photosynthesis) to water loss (tran-
spiration) and reflects how efficiently a plant optimizes car-
bon assimilation while minimizing water loss (Bramley et 
al. 2013). The prominent effort in genetically modifying leaf 
structures, such as increasing leaf thickness and internal air 
volume, which potentially improves WUE, underscores the 
significant role of leaf anatomy in enhancing WUE (Tholen 
et al. 2012; Flexas et al. 2013, 2021).

Water-use strategies strongly shape plant species’ 
responses to environmental constraints and are therefore 
expected to be finely tuned to different environmental fil-
ters, such as differences in precipitation, temperature, and 
soil nutrients (Xu and Li 2006; Tambussi et al. 2007; Hat-
field and Dold 2019). Several anatomical and functional 
traits contribute to WUE, particularly those linked to leaf 
and stem efficiency. As such, species with low wood den-
sity, high leaf water potential, and deciduous habits are typi-
cally associated with lower WUE, while species with high 
wood density and lower leaf water potential exhibit more 
variable WUE (Wright et al. 2021). Leaf anatomy gives 
evidence of water use efficiency due to variable mesophyll 
porosity that will affect mesophyll diffusion conductance to 
CO2, which will ultimately affect water use efficiency in 
plants (Tomás et al. 2013; Carriquí et al. 2015; Trueba et al. 
2022). For instance, the presence of bundle sheath exten-
sions appears to facilitate water transport from leaf minor 
veins to the mesophyll to evaporation sites in the leaf. This 
structural feature is linked to improved water distribution 
within the leaf and enhanced water-use efficiency (Scoffoni 
et al. 2008; Buckley et al. 2011).

In terms of abiotic factors, water use efficiency has been 
proven to be influenced by soil composition (Gonzalez-
Dugo et al. 2009; Quemada and Gabriel 2016). The relation-
ship occurs via the response of stomatal closure to drought 
stress that reduces evapotranspiration and consequently 
the mass flow of soil solution (nutrients) to the root sur-
face. Consequently, the delivery rate of mineral elements 
decreases, limiting plant nutrition and growth (Shao et al. 
2008; Grzebisz et al. 2013). For example, phosphorus con-
centration directly regulates CO2 responsiveness to photo-
synthesis, which in turn affects WUE (Lewis et al. 1994; 
Campbell and Sage 2006). Additionally, a good nitrogen 
nutritional status enhances crop tolerance to drought, while 
a moderate increase in nitrogen supply improves water use 
efficiency in semiarid environments (Cossani et al. 2012).

The Cerrado and Caatinga are two seasonally dry ecosys-
tems in Brazil (Pennington et al. 2000), both experiencing 
at least five consecutive dry months annually (Nimer 1972; 
Silva et al. 2008). The Caatinga is the largest seasonally dry 
tropical forest (SDTF) of the Americas, located in northeast 
Brazil (Albuquerque et al. 2012). It operates at the end of 
the aridity of SDTF with average annual rainfall between 
300 and 800 mm and a mean annual temperature of 26 °C 
(Nimer 1972; Sampaio 1995; Santos et al. 2014). It has only 
recently been proposed a vast species checklist for the veg-
etation, with a high number of endemic species (Fernandes 
et al. 2022). The Cerrado is a savanna-like ecosystem in 
the central Brazilian plateau that receives approximately 
1500  mm of annual rainfall, with mean temperatures of 
23 °C (Silva et al. 2008). It is the world’s richest savanna, 
home to over 7000 vascular plant species, 44% of which are 
endemic (Mendonça et al. 1998; Klink and Machado 2005). 
A notable characteristic of the Cerrado is the deep, nutrient-
poor, aluminum-rich soils, which may affect numerous plant 
metabolic processes (Haridasan 2000; Coutinho 2002).

Here, we investigate key leaf anatomical traits in two co-
occurring species from the Caatinga and Cerrado to assess 
whether their anatomical characteristics provide some 
pieces of evidence of their water-use strategies. Specifically, 
we aim to understand whether the two environments’ con-
straints drive a convergent anatomical adaptation or whether 
the two species will present distinct structural responses. 
Additionally, based on variation in leaf anatomy, we aim to 
test whether individuals of the same species from the two 
different sites will exhibit distinct functional responses to 
water-use efficiency. We also discuss how variations in soil 
fertility might influence leaf anatomical traits and, conse-
quently, water-use strategies.

Materials and methods

Site and sampling

The Cerrado sampling area has a mean annual temperature 
of 25 °C and a maximum monthly rainfall of 350 mm during 
the wet season. The dry season is well-defined, lasting from 
June to September, with precipitation below 50 mm (data 
from the Estação Experimental of the School of Agronomic 
Sciences, São Paulo State University - UNESP). The Caat-
inga sampling area experiences temperatures above 25 °C 
throughout the year, with a maximum monthly rainfall of 
100 mm in the wet season. The dry season is longer than 
in the Cerrado, extending from July to December when the 
precipitation reaches zero (data from the Estação Experi-
mental of São João do Cariri, Paraíba State, Brazil).
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In both domains, soils are predominantly sandy. Cerrado 
soils exhibit higher acidity, likely due to a greater aluminum 
saturation and higher potential acidity (H+Al) in the cation 
exchange capacity. Additionally, Cerrado soils have lower 
concentrations of macronutrients (P, K, Ca, Mg) and micro-
nutrients such as manganese compared to Caatinga soils. 
Additionally, copper and iron concentrations are higher in 
Cerrado soils than in Caatinga soils (Dória et al. 2016).

We selected the species Tabebuia aurea (Silva Manso) 
Benth. & Hook. f. ex S. Moore and Tocoyena formosa 
(Cham. & Schltdl.) K. Schum., both commonly found in 
the Cerrado (Ratter et al. 2003) and the Caatinga (Moro et 
al. 2014). In both sites, the species shed their leaves dur-
ing the dry season (Barros 2001; Sanz-Veiga et al. 2017). 
In the Cerrado, samples were collected at the “Palmeira da 
Serra” Private Reserve, in the city of Pratânia, São Paulo 
State, Brazil (22 48’35’’ S, 48 39’57’’ W). In the Caatinga, 
the sampling site was in the city of Serra Branca, Paraíba 
State, Brazil (7 29’14’’ S, 36 39’51’’ W).

During the rainy period, we collected five healthy, green, 
fully expanded leaves from sun-exposed branches, from 
three individuals for each species and environment. For 
preservation, the leaves were immediately fixed in FAA 70 
solution (37% formaldehyde, acetic acid, and ethanol 70%), 
and later stored in Ethanol 70%.

Anatomical study

From the five leaves collected per individual, we selected 
the three healthiest and prepared transverse sections cover-
ing regions from the midrib to the leaf blade margins. For 
light microscopy (LM) analyses, we embedded samples 
in historesin (Leica Microsystems, Nussloch/Heidelberg, 
Germany), and sectioned transversely using a rotary micro-
tome (Leica RM2245) at a thickness of 4–6 μm. Sections 
were stained with 1% toluidine blue in 1% aqueous sodium 
tetraborate solution (O’Brien et al. 1964), mounted in syn-
thetic resin (Entellan, Merck KGaA, Darmstadt, Germany), 
and analyzed under LM.

For the three leaf samples per species on each site, we 
performed three measurements at both the base and the tip 
of the leaf for each anatomical variable (total leaf thickness, 
total parenchyma thickness, palisade parenchyma thickness, 
spongy parenchyma thickness, abaxial and adaxial epider-
mis thickness) in order to capture the greatest variation. To 
quantify the proportion of intercellular spaces in the spongy 
parenchyma, we captured three pictures in 10x magnifica-
tion, and in each image, we measured the total area of the 
spongy parenchyma, and the corresponding intercellular 
space area. Subsequently, all the values were averaged for 
each individual.

For scanning electron microscopy (SEM), we followed 
the methodology described by Dória et al. (2018). Dried 
leaves from each individual per species were dehydrated in 
an ethanol series (50%, 70%, 96%), air-dried at room tem-
perature, and mounted on aluminum stubs using an elec-
tron-conductive carbon sticker. Samples were then coated 
with platinum/palladium using a sputter coater (Quorum 
Q150TS Quorum Technologies, Laughton, UK) and exam-
ined under a field emission SEM (JEol JSM-7600 F, Tokyo, 
Japan) at an accelerating voltage of 5 KV. SEM was used to 
analyze the shape, distribution, and frequency of trichomes 
on both the abaxial and the adaxial epidermis. To the mea-
surements of trichomes frequency, we selected five areas of 
1mm2 and counted the number of trichomes exhibited in the 
area.

All measurements were performed using the software 
FIJI (ImageJ Distribution) (Schindelin et al. 2012).

Data analyses

To test whether individuals of each species would be dif-
ferentiated between sites based on leaf anatomical traits, we 
performed a permutational multivariate analysis of variance 
(PERMANOVA) with leaf anatomical traits as the response 
variables, and sites (Cerrado and Caatinga) as predictive 
variables, using the adonis function in the Vegan package in 
R. Additionally, to visualize the relationships and distribu-
tion of individuals and species between sites, we conducted 
a principal component analysis (PCA) using leaf measure-
ments as separate points in the PCA. This analysis was per-
formed with the rda function from the Vegan package.

To assess differences between sites in total leaf thickness, 
palisade and spongy parenchyma thickness, and abaxial and 
adaxial epidermis thickness, we used linear mixed model 
with Individuals as a random effect, using the lmer func-
tion from the lme4 package in R. Differences in trichome 
frequency and the proportion of intercellular spaces in 
the spongy parenchyma between sites were tested using a 
paired t-test, after checking for normality and homogeneity 
of variances. A log transformation was applied to the pre-
dictive variables to deal with heteroscedasticity and/or non-
normality (Zuur et al. 2007).

All statistical analyses were performed in R 2024 version 
4.4.2 using R Studio 2024 version 12.0 (R Core Team 2024). 
All differences were considered significant when P < 0.05.

Results

Leaf anatomical traits explained differences between sites 
only for Tabebuia aurea (F = 22.1; P < 0.01), accounting 
for 41% of the variance in the data. In contrast, anatomical 
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circles) exhibit a more dispersed distribution in the PCA, 
with a clear tendency toward site differentiation: those from 
the Cerrado (green open circles) and the Caatinga (yellow 
open circles) cluster separately. Conversely, T. formosa indi-
viduals (filled circles) display a more compact distribution, 
with no clear separation between sites (Cerrado in green, 
and Caatinga in yellow) (Fig. 1). When analyzing the asso-
ciation amongst leaf anatomical traits in the PCA, the first 
axis explains 71% of the total variance, while the second 
explains 18%. The first principal component has large posi-
tive associations with total leaf thickness, and with palisade 
and spongy parenchyma thickness. Individuals of T. aurea 
are associated with high values of these variables compared 
to T. formosa individuals. The second principal component 
has negative associations with abaxial and adaxial epider-
mis thickness. Individuals of T. formosa are associated with 
larger values of adaxial epidermis thickness than individu-
als of T. aurea.

traits did not significantly differentiate Tocoyena formosa 
between sites (F = 1.37; P = 0.265) (Table  1). The greater 
variability in anatomical traits for T. aurea compared to T. 
formosa is also evident in the distribution of individuals 
within the PCA space (Fig. 1). Individuals of T.aurea (open 

Table 1  PERMANOVA results for the effect of sites (Cerrado and 
Caatinga) on leaf anatomical traits of Tabebuia aurea and Tocoyena 
formosa

Degree of 
freedoms

Sum of 
squares

R 2 F Pr(> F)

Tabebuia aurea
Vegetation 1 0.81908 0.41613 22.094 0.001
Residual 31 1.14925 0.58387
Total 32 1.96833 1.0000
Tocoyena 
formosa
Vegetation 1 0.06894 0.03872 1.3696 0.265
Residual 34 1.71147 0.96128
Total 35 1.78041 1.0000
Values in bold represent differences (P < 0.05)

Fig. 1  Principal component analysis of leaf anatomical traits of Tabe-
buia aurea and Tocoyena formosa from the Cerrado and Caatinga on 
the first two axes. Open circles represent measurements of leaf ana-

tomical trait of T. aurea and filled circles represent those of T. formosa 
in the Cerrado (green) and the Caatinga (yellow)
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Tabebuia aurea

Individuals from the Cerrado have thicker leaves (P < 0.01, 
X2 = 9.94), with increased palisade parenchyma thickness 
(P < 0.01, X2 = 6.82) and spongy parenchyma thickness 
(P < 0.05, X2 = 5.98) compared to individuals from the Caat-
inga (Fig.  2A and B and 3; Supplementary Information, 

Consistent with the results of multivariate analysis, pair-
wise t-tests revealed no significant differences between ana-
tomical traits for T. formosa, except for a slight difference in 
spongy parenchyma thickness. In contrast, T. aurea exhib-
ited significant differences in all analyzed leaf anatomical 
traits, as detailed below.

Fig. 2  Leaf anatomical sections 
of Tabebuia aurea and Tocoyena 
formosa from the Cerrado and the 
Caatinga. (A, B) Light micros-
copy of a leaf cross section of T. 
aurea from the Cerrado and the 
Caatinga, respectively. (C, D) 
Scanning electron microscope 
of the abaxial epidermis of T. 
aurea from the Cerrado and the 
Caatinga, respectively, show-
ing the peltate trichomes. (E, 
F) Light microscopy of a leaf 
cross section of T. formosa from 
the Cerrado and the Caatinga, 
respectively. The inserts in both 
images show the detail of the 
filiform trichomes in scanning 
electron microscopy. Ep = epider-
mis. PP = palisade parenchyma. 
SP = spongy parenchyma. St = sto-
mata. D = idioblast with druses. 
Red arrows show the intercellular 
air space. White arrows show 
idioblasts with phenolic com-
pounds in palisade parenchyma. 
Asterisks show the trichomes. 
Arrowheads show the bundle 
sheath extension cells. Scale bars: 
200 μm (A, B); 100 μm (C – F)
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Peltate trichome frequency is higher in Cerrado individu-
als on both the adaxial and abaxial surfaces (P < 0.05, t = 
−6.13; P < 0.01; t = −8.11, respectively) than individu-
als from Caatinga (Figs. 2C and D and 3; Supplementary 
Information, Table S1). Additionally, the head of the peltate 
trichomes in Cerrado individuals appears to be larger, pro-
viding increased coverage and shading over a greater por-
tion of the epidermis (Fig. 2C).

Tocoyena formosa

No differences are observed in leaf anatomical traits 
between Cerrado and Caatinga individuals, except for a 
slightly thicker spongy parenchyma in Cerrado individuals 
(P < 0.05, X2 = 6.28) (Fig.  4; Supplementary Information, 
Table S1). The spongy parenchyma is tightly organized 
with minimal intercellular air spaces (Fig. 2E, F). The fre-
quency of filiform trichomes was not quantified for T. for-
mosa due to their high density on both epidermal surfaces, 
which also hindered the observation of stomatal morphol-
ogy in both sites (inserts in Fig.  2E, F). Individuals from 
both sites exhibit heterobaric leaves, characterized by thin 
bundle-sheath extensions connecting the adaxial and abax-
ial epidermis (Fig.  2E, F). Also, in individuals from both 
sites, the first layer of palisade parenchyma contains a high 
concentration of idioblasts with phenolic compounds and 
druses (Fig. 2E, F).

Discussion

The two co-occurring species in the Cerrado and Caatinga 
show distinct structural responses in leaf anatomy. While 
Tabebuia aurea demonstrates greater plasticity, showing 
remarkable differences in leaf anatomical traits, Tocoyena 
formosa appears more conservative, with no differences 
between sites. This response pattern has also been observed 
in the variation of wood anatomy characters, which show 
no differentiation between cerrado and caatinga individuals 
of T. formosa at the same sites, highlighting the more con-
servative anatomical behavior of T. formosa compared to T. 
aurea (Dória et al. 2016). Despite its conservative anatomi-
cal behavior, T. formosa exhibits a broad distribution across 
South America, ranging from Suriname to Paraguay, similar 
to T. aurea. In Brazil, it occurs in diverse regions, includ-
ing the Amazon Rainforest, Caatinga, Cerrado, and Atlan-
tic Forest (Oliveira 2015; Borges 2020; Lohmann 2020). 
This result reinforces the complexity of plant responses to 
environmental constraints, and suggests that, although vari-
ations in leaf and wood anatomy are important traits influ-
encing the ecological success of species across different 
environments (Hacke et al. 2001; Fradera-Soler et al. 2021; 

Table S1). In contrast, Cerrado individuals exhibit a lower 
proportion of intercellular spaces in the spongy parenchyma 
(P < 0.04, t = 4.59) and a thinner adaxial epidermis (P < 0.05, 
X2 = 4.81), and abaxial epidermis (P < 0.05, X2 = 4.23) 
(Figs. 2A and B and 3; Supplementary Information, Table 
S1). Individuals from both sites exhibit heterobaric leaves, 
characterized by bundle-sheath extensions connecting 
the adaxial and abaxial epidermis (Fig.  2A, B). In Caat-
inga individuals, these extensions are lignified (Fig.  2B). 

Fig. 3  Differences in leaf anatomical traits of Tabebuia aurea occur-
ring in the Cerrado (green) and the Caatinga (yellow). Values in bold 
(P < 0.05) represent mean differences between sites. The bottom, mid-
dle, and upper lines of the box represent the 25th quartile, the median, 
and the 75th quartile, respectively. The upper and the bottom ends of 
the vertical lines indicate the maximum and minimum values of each 
variable
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different strategies to enhance water-use efficiency. Indi-
viduals from Cerrado invest in thicker leaves, with a thicker 
spongy and palisade parenchyma, and a higher frequency 
of trichomes with larger heads covering a greater propor-
tion of the epidermis than Caatinga individuals. In contrast, 
individuals from Caatinga exhibit a thicker abaxial and 
adaxial epidermis, a greater proportion of intercellular air 
spaces, and lignified bundle-sheath cell extensions connect-
ing the adaxial and abaxial epidermis compared to Cerrado 
individuals.

Thicker leaves and increased palisade parenchyma thick-
ness have been associated with enhanced water-use effi-
ciency (Guerfel et al. 2009), primarily due to the formation 
of a thicker leaf-air boundary layer, which increases resis-
tance to water loss and reduces transpiration, ultimately 

Liu and Zheng 2024), they represent just two of multiple 
contributing factors. T. formosa likely invests in alternative 
adaptive strategies, such as physiological responses, to cope 
with varying environmental conditions.

Although T. formosa individuals do not show marked dif-
ferences in leaf morphology between sites, both populations 
exhibit peculiar anatomical traits associated with adaptation 
to drought. In addition to the bundle-sheath extensions, the 
high concentration of phenolic compounds in the palisade 
parenchyma is considered a drought-response adaptation to 
abiotic stress. Phenolic compounds are multifunctional and 
have strong antioxidant properties, which protect cells from 
oxidative damage (Reginatto et al. 2014; Varela et al. 2016).

Based on the observed leaf anatomical differences in T. 
aurea, we can infer that individuals from the two sites adopt 

Fig. 4  Differences in leaf anatom-
ical traits of Tocoyena formosa 
occurring in the Cerrado (green) 
and the Caatinga (yellow). Values 
in bold (P < 0.05) represent mean 
differences between sites. The 
bottom, middle and upper lines 
of the box represent the 25th 
quartile, the median and the 75th 
quartile, respectively. The upper 
and bottom ends of the vertical 
lines indicate the maximum and 
minimum values of each variable
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sites (Westoby 1998; Grime 2001; Diaz et al. 2016). Given 
the longer and more intense dry season in the Caatinga, one 
might expect individuals from this biome to exhibit more 
conservative leaf anatomical traits aimed at water conserva-
tion. Nevertheless, seasonally dry tropical forests (STDFs), 
such as the Caatinga, undergo seasonal cycles alternating 
between high and low water stress conditions (Pennington 
et al. 2009). During the dry season, T. aurea individuals shed 
their leaves, thereby avoiding hydraulic failure and limiting 
photosynthetic activity. This behaviour enables the species 
to concentrate physiological activity during the rainy sea-
son, when environmental conditions favor the development 
of acquisitive traits in SDTFs (Chesson et al. 2004; De Lima 
et al. 2021). This is evidenced here by the higher propor-
tion of intercellular air spaces in the spongy parenchyma in 
T.aurea individuals from the Caatinga, suggesting a strategy 
suited to maximizing photosynthetic capacity via faster car-
boxylation of CO2.

Conversely, T. aurea individuals from the Cerrado appear 
more conservative on leaf anatomical traits aimed at water 
conservation and retention, such as thicker leaves and pali-
sade and spongy parenchyma, and a higher frequency of tri-
chomes. Although the Cerrado experiences a defined rainy 
season lasting approximately five months, plants are still 
subject to strong selective pressures from the low nutrient 
availability in the Cerrado soils. Such soil environmental 
constraints expose these plants to conditions far from their 
physiological optimum, which influences carbon alloca-
tion patterns, that in turn shape water-use strategies (Bucci 
et al. 2005). For instance, the high clay content of Cerrado 
soil can limit water availability even during wet periods, 
as clay particles reduce soil permeability and water reten-
tion capacity. Furthermore, essential macronutrients such 
as potassium (K) and magnesium (Mg) - which are present 
in low concentrations in Cerrado soils (Dória et al. 2016) - 
are required in large quantities by plants and play a critical 
role in photosynthesis (Trankner et al. 2018). Deficiency in 
K and Mg triggers a cascade of anatomical, physiological, 
and biochemical responses that ultimately reduce photosyn-
thetic carbon assimilation (Jákli et al. 2017). Anatomically, 
K deficiency induces structural adaptations in the leaf that 
decrease mesophyll conductance, thereby limiting chloro-
plastic CO₂ concentration and constraining photosynthetic 
efficiency. Additionally, the high aluminum content in the 
Cerrado soils increases the water stress by further restricting 
plant capacity to acquire both water and essential nutrients 
(Kochian et al. 2015). Such impedance potentially occurs, 
for instance, via Al-induced disruption of root cells, which 
also disrupts the uptake and transport of important nutrients, 
including potassium (K+), magnesium (Mg2+), and calcium 
(Ca2+) (Zhang et al. 2017; Ofoe et al. 2023).

improving WUE (Mo et al. 2016). Similarly, the higher fre-
quency of trichomes with larger heads observed in Cerrado 
individuals is also linked to a thicker boundary layer, fur-
ther contributing to increased WUE (Klich 2020; Bramley 
et al. 2013). Although trichomes are well-known for their 
role in reflecting photossynthetically active radiation (PAR) 
- blue, green, and red light - thereby balancing energy input 
and reducing heat stress (Ehleringer et al. 1976; Bickford 
2016), they also play a significant role in WUE by decreas-
ing transpiratory water loss through increased leaf–air 
boundary layer resistance (Mo et al. 2016; Galdon-Armero 
et al. 2018). For instance, Chen et al. (2022) observed that 
in Shepherdia sp., trichome density doubled under drought 
conditions, followed by an 85% reduction in stomatal con-
ductance (gs) compared to well-watered plants, highlight-
ing the role of trichomes in water conservation. There is 
also evidence that leaf trichomes play a role in heavy metal 
detoxification (Broadhurst et al.  2004; Karabourniotis et 
al. 2020). This is particularly relevant for Cerrado individu-
als, since the Cerrado soils at the sampling site show high 
levels of heavy and toxic metals, including manganese and 
aluminum (Dória et al. 2016).

Regarding the WUE of T. aurea individuals from the 
Caatinga, the data indicate that they invest in larger inter-
cellular air spaces than individuals from Cerrado. Meso-
phyll conductance (gm), which quantifies the diffusion of 
CO2 from substomatal cavities to the carboxylation sites 
in the chloroplasts, is strongly dependent on the proportion 
of intercellular air spaces (Evans et al. 2009). The greater 
proportion of intercellular air spaces facilitates faster CO2 
carboxylation, and ultimately, enhances plant productivity 
(Flexas et al. 2013). Additionally, T. aurea individuals from 
the Caatinga exhibit lignified cells in the bundle-sheath 
extensions, which may contribute to greater compartmen-
talization of the leaf mesophyll compared to Cerrado indi-
viduals. Increased mesophyll compartmentalization has 
been associated with patchy stomatal closure under drought 
conditions and higher photosynthetic capacity per unit of 
leaf mass (Liakoura et al. 2009; Kamakura et al. 2011; Inoue 
et al. 2010).

These findings suggest that each population of T. aurea 
invests in distinct water-use strategies shaped by their 
respective environments. While Cerrado individuals seem 
to prioritize anatomical traits that enhance the leaf-air 
boundary layer thickness – potentially reducing transpira-
tional water loss but also limiting CO2 diffusion - individu-
als from the Caatinga tend to exhibit traits that facilitate 
greater CO2 assimilation, potentially optimizing carbon 
fixation under water-limited conditions. Such anatomical 
distinctions offer insight into the functional adjustment of 
T. aurea to environmental conditions, positioning along the 
spectrum of conservative-acquisitive strategies in the two 
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Conclusion

Our findings highlight an absence of a convergent anatomi-
cal response of species driven by environmental constraints 
in the Brazilian savanna (Cerrado) and in a seasonally dry 
tropical forest in Brazil (Caatinga). Tabebuia aurea demon-
strates greater anatomical plasticity reflected in a contrast-
ing functional adjustment to local environmental conditions. 
Such contrasting response align in opposite directions along 
the conservative-acquisitive strategy spectrum: Caatinga 
individuals of T.aurea show anatomical traits associated 
with an acquisitive water-use strategy, while Cerrado indi-
viduals exhibit traits linked to a more conservative strat-
egy. The interplay between water availability and poor soil 
nutrient content in the Cerrado might play a crucial role in 
shaping these anatomical strategies by impose additional 
selective pressures. On the other hand, Tocoyena formosa 
exhibits limited trait adjustment in leaf anatomical traits 
between sites, while still maintaining adaptations for 
drought resistance in both environments.
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