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Abstract

This study investigates whether intraspecific variations in the secondary xylem traits of Tapirira guianensis occur in response
to local edaphic conditions, despite a uniform climate and vegetation type. Wood samples from this species were collected
from two soil types—Podzol and Histosol—in the lowland Atlantic Forest along Brazil’s southern coastal plain. Histological
sections and dissociated material were prepared for qualitative and quantitative anatomical analyses. Principal component
analysis and mean comparison tests were used to assess anatomical differences between soil types. The results reveal signifi-
cant trait variation, with greater vessel grouping, higher vessel density, smaller vessel diameter, and shorter vessel elements
in Podzol, a mesic soil, compared to Histosol, an organic and hydromorphic soil. This suggests an investment strategy in
xylem that enhances resistance to cavitation in soils with lower water availability, aligning with interspecific and intraspecific
trends observed in other studies. Trees in Histosol exhibited a higher percentage of gelatinous fibers, suggesting these cells
may help stabilize stem growth in response to substrate instability and/or mitigate the physiological drought effects from
prolonged flooding. Allometric patterns were also detected: vessel diameter was negatively correlated with vessel density,
and positively correlated with vessel element length and fiber length. Vessel grouping was positively correlated with ves-
sel density. The results indicate that even under homogeneous climatic and vegetational conditions, edaphic gradients can
significantly influence xylem anatomy. These findings highlight 7. guianensis’s xylem plasticity, which may contribute to
its resilience to both flooding and drought stress.
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1 Introduction

Plants exhibit diverse structural and functional responses
to environmental variations, which are crucial for under-
standing community and ecosystem dynamics (Westoby and
Wright 2006). Factors such as geopedological conditions
(Cosmo et al. 2024b), soil texture (Sperry and Hacke 2002),
humidity, salinity (Ennajeh et al. 2023), soil pH, and toxicity
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(Déria et al. 2016) influence plant structure and function,
driving variation among individuals and species. These
responses encompass a range of strategies, including pheno-
logical adjustments, variations in rooting depth (Sperry and
Hacke 2002), stomatal control (Comstock and Mencuccini
1998), and anatomical responses in leaves, roots, and stems
(Ennajeh et al. 2023).

Functional traits of the secondary xylem can provide
insights into the efficiency of the conductive system, its
vulnerability to cavitation (Carlquist 2001; Hacke and
Sperry 2001; Mauseth and Stevenson 2004; Pratt et al.
2012), storage capacity (Plavcova et al. 2023), and biome-
chanical attributes (Jacobsen et al. 2007; Martinez-Cabrera
et al. 2009). Wood anatomical traits exhibit various eco-
logical responses to environmental factors such as latitude,
altitude, and water availability (Baas and Wheeler 2011).
These responses can be interpreted at different taxonomic
levels and scales, ranging from broad floristic patterns
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(Carlquist 1977; Baas et al. 1983; Segala Alves and Angya-
lossy-Alfonso 2000; Jacobsen et al. 2007; Martinez-Cabrera
et al. 2009; Zanne et al. 2010; Fichtler and Worbes 2012),
to genus (Baas 1973; Noshiro and Baas 2000; Choat et al.
2007; Arenas-Navarro et al. 2021; Percolla et al. 2021), to
species-specific responses (Liu and Noshiro 2003; Fisher
et al. 2007; Silva da Costa et al. 2020; Cosmo et al. 2024a;
Cosmo et al. 2024b).

Although high intraspecific variation can occur in
response to both broad gradients and microhabitat hetero-
geneity, this variation in xylem is less understood than inter-
specific trends. Genetic differences and phenotypic plasticity
provide plant species with a greater ecophysiological capac-
ity to respond to highly selective and heterogeneous envi-
ronments (Ackerly 2000; Westerband et al. 2021). Variation
in functional traits that play a key roles in the performance
of individuals and populations is crucial for understanding
plant-environment interactions, as well as intraspecific and
interspecific interactions, and their influence on the structure
of communities and ecosystems (Albert et al. 2010; West-
erband et al. 2021).

In drier conditions, plants must withstand more negative
xylem tensions and develop strategies to minimize cavitation
in the xylem, even at the cost of reducing water conduction
capacity (Lens et al. 2011). Common anatomical responses
in drier environments compared to more moist sites include
narrower vessels (Stevenson and Mauseth 2004; Déria et al.
2016), greater vessel density (Castelar et al. 2023; Nery et al.
2023), and increased vessel clustering (Longui et al. 2014).
Similar trends can also occur in humid subtropical and tropi-
cal climates due to variations in precipitation (Castelar et al.
2022) or soil drainage (Callado et al. 2024; Cosmo et al.
2024b).

Information on xylem variations along mesic-to-hydro-
morphic gradients is particularly scarce, and the observed
trends are less clear (Cosmo 2012; Cosmo 2024a). Some
species exhibit responses in flooded soils that are typically
expected under conditions of reduced water availability, such
as increased vessel density, greater vessel clustering, and/
or decreased vessel diameter compared to mesic conditions
(Kolb et al. 1998; Bianchini et al. 2000; Luchi 2004; Cosmo
et al. 2024b). Other species show trends more similar to
those observed when mesic sites are compared to dry envi-
ronments, such as lower vessel density, wider vessels, and
less vessel grouping under flooding compared to mesic sites
(Parvin et al. 2018; Bhusal et al. 2020; Callado et al. 2024,
Cosmo et al. 2024a). These unclear trends highlight the need
for further studies on xylem anatomy in hygrophilous and
hydrophilous species.

Species that naturally occur in contrasting conditions or
across ecological gradients are particularly useful for investi-
gating such responses. In swamp forests, diversity is directly
related to the ecophysiological variability and plasticity of
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each species (Duarte et al. 2005). Generalist and mesophilic
species contribute to increased richness, while species more
tolerant to flooding significantly influence forest structure,
successional dynamics, and nutrient retention due to their
high population density and dominance (Galvao et al. 2002;
Marques et al. 2003; Souza and Marques 2010). Among the
species that stand out in these environments on the coastal
plain of southern Brazil, Tapirira guianensis Aubl. (Anac-
ardiaceae) is one of the most common and often exhibits
high dominance.

Tapirira guianensis occurs across a wide range of veg-
etation types and climatic conditions (Miranda et al. 2011;
Oliveira et al. 2012; Carvalho et al. 2017; Hollunder et al.
2021). It is particularly prominent in various humid tropical
forests and their transitional zones with the Savanna and
Caatinga biomes (Ratter et al. 2003; Oliveira-Filho et al.
2005; Chiminazzo et al. 2021). This species often display
high density and dominance values across broad altitudinal
and latitudinal gradients and plays a crucial role in biomass
production within the litter layer (Oliveira et al. 2012; Maca-
neiro et al. 2015; Araujo et al. 2019; Hollunder et al. 2021).
In lowland forests of the Atlantic Forest biome, it is one of
the most important species for nutrient retention and cycling
(Protil et al. 2009).

This species is capable of maintaining high water poten-
tials even under conditions of water deficit, due to responses
that involve phenological adjustments, water storage in the
xylem, and the development of new leaves with greater
stomatal control (Miranda et al. 2011). Given its ability to
survive and grow in adverse edaphic conditions, including
water deficit, soil compaction, and restricted drainage, 7.
guianensis shows potential for the restoration of degraded
areas in alluvial environments (Gama et al. 2020) and
degraded savanna areas affected by mining processes (Vieira
et al. 2022).

Its wide distribution and ability to tolerate contrasting
conditions, ranging from water deficit to flooding in swamp
forests, make 7. guianensis a promising species for under-
standing intraspecific variations in xylem structure. In the
coastal plain of southern Brazil, it occurs in both hydromor-
phic soils and more mesic conditions, with relative impor-
tance in both environments (Galvao et al. 2002).

Considering the species’ plasticity and existing knowl-
edge on intraspecific variations in plants at the local scale
(Sperry and Hacke 2002; Ennajeh et al. 2023; Cosmo et al.
2024a, 2024b), this study aims to address the following
questions: i) Does T. guianensis exhibit intraspecific varia-
tion in its xylem across populations in the same vegetation
type, and that experience the same macroclimatic condi-
tions, but grow in different soils? ii) Are the xylem responses
of T. guianensis to mesic and hydromorphic soils consistent
with general trends in xylem responses to water availabil-
ity, or does flooding induce distinct anatomical variations
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compared to the typical contrast between dry and mesic
environments?

To test these hypotheses, the anatomical traits of the sec-
ondary xylem of 7. guianensis were analyzed in two soil
types: Podzol and Histosol. The microrelief and sandy tex-
ture of Podzol create mesic conditions compared to Histosol,
an organic and hydromorphic soil. Both sampling locations
are in the lowland Atlantic Forest, under a superhumid tropi-
cal climate, on the coastal plain of southern Brazil.

2 Material and methods

Collection sites — Trees of Tapirira guianensis were sam-
pled in areas of the Atlantic Forest on the coastal plain of
the state of Paran4, Brazil. In the Palmito State Forest (Para-
nagua municipality), six trees were sampled in Podzol. In
the municipality of Matinhos, five trees were sampled in
Histosol. The two locations are approximately 20 km apart
and both are situated in recent marine sediments of coastal
plains, dating from the Quaternary-Holocene (Mineropar
2001). The climate is Super Humid Tropical, without a
dry season and free from frost, Kéeppen Af type, with an
average annual temperature between 19 and 21 °C, average
maximum temperatures between 26 and 27 °C and minimum
temperatures between 17 and 18 °C. The average tempera-
ture of the coldest month varies from 15 to 17 °C and that of
the hottest month, from 23 to 26 °C. The annual precipita-
tion in the region varies from 2000 to 2600 mm (IDR 2019).

Podzol primarily develops from quartzose sands in high-
moisture conditions within tropical and subtropical climates,
typically on flat terrain and in depressions. However, in the
sampled area, local topographic variations can create vari-
able hydromorphic conditions, with sandbars characteristic
of the Quaternary plain (Scarano 2002). The Podzol in this
area is very sandy (over 75%), acidic (pH <4), and of low
fertility (Sereda et al. 2016), and is occupied by the low-
land Atlantic Forest, where T. guianensis often stands out
as a dominant canopy species (Roderjan et al. 2002). The
sandy texture and microrelief positions (mainly on the tops
of sandbars) frequently create more mesic conditions com-
pared to Histosol.

The sampled area in Histosol is located in a broad and
deep floodplain, characterized by a shallow water table and
continuous flooding. These conditions lead to the forma-
tion of hydromorphic soils with a thick acidic organic layer
overlying a sandy substrate, containing more than 2 m of
dystrophic organic fibric-woody material (Rachwal and
Curcio 2001; Galvao et al. 2002). The accumulation of
plant residues in varying stages of decomposition is due to
anaerobic conditions, which restrict organic matter miner-
alization and soil development (EMBRAPA 2018). These
features drive the occurrence of herbaceous and arboreal

pioneer formations with fluvio-lacustrine influence in the
region, locally known as caxetal. During the successional
process, these formations can evolve into more complex and
biodiverse ecosystems, classified as Lowland Atlantic For-
est. This is the case in the sampled area, which is dominated
by hydrophilic specialists such as Tabebuia cassinoides
(Lam.) DC. and Calophyllum brasiliense Cambess., along
with more than 30 other tree species, including 7. guianensis
(Galvio et al. 2002).

Collection and preparation of samples — In both locations,
adult, dominant trees with straight bole were selected, with
an average height of 12 m and an average trunk diameter
of 25 cm. Wood samples were collected from the trunk at
1.30 m height, with a depth of 20 mm, using an increment
borer (Pressler, 12 mm in diameter). The samples were
stored in 70% ethanol. For microscopic analyses, they were
sectioned using a sliding microtome in transverse, radial,
and tangential planes. The sections were stained in an alco-
holic solution (30%) with Astra blue (1%) and Safranin (1%)
in a ratio of 9:1, dehydrated in an ethylic series, and mounted
on permanent slides. The samples were also subjected to
maceration in a solution of glacial acetic acid and hydro-
gen peroxide (1:1) (Franklin 1945). The macerated material
was stained with Safranin solution (1%), dehydrated in an
alcoholic series, and prepared on permanent slides. Both the
sections and macerated material were mounted between a
slide and coverslip using the synthetic resin Entellan.

Anatomical study - The anatomical description was carried
out based on the classification proposed by the International
Association of Wood Anatomists (IAWA Committee 1989).

The histological sections were photographed under an
optical microscope at high resolution (2592 X 1944 pixels),
to quantify the vessel density/mm? (VD) and mean vessel
lumen diameter (MVD). Six fields per sample were consid-
ered, measured with an average of 60 vessels per sample. All
vessel elements in each field were automatically measured
and counted, using the Sigma Scan-Pro 5.0 software. This
procedure also made it possible to measure the vessel lumen
area and the total vessel area per field (TVA), which was
used to estimate the vessel lumen fraction (VLF), in percent-
age, dividing TVA by the field area (FA):

VLF = TVA/FA x 100

During the tabulation of data, vessels were categorized
by classifying them as solitary (1) or multiple (2, 3,4, 5...),
using the average of these values as the vessel grouping
index (VG). The vessel element length (VEL) was also
recorded; fiber diameter (FD); fiber length (FL); fiber wall
thickness (FWT); ray height (RH), in n°® of cells and in
pum; ray width, in pm (RW). All these measurements were

@ Springer



8 Page 4 of 15

A. M. Gogosz et al.

performed using an eyepiece with a graduated optical micro-
scope scale, with 30 measurements taken per tree.

To estimate the percentage of fibers with gelatinous
layer were taken photographs of 20 fields per sample, each
measuring 100 X 80 microns. The fields were systematically
distributed across the sample, avoiding areas that included
vessels. In each field, the total number of fibers (NF) and
the number of gelatinous fibers (NGF) were counted, and
the fraction of gelatinous fibers (FGF) was calculated using
the formula:

FGF = NFG/NF.100

Additionally, vulnerability indices (V=MVD/VD) and
mesomorphy indices M =(MVD x VEL)/VD) were esti-
mated, following the method described by Carlquist (2001).

For all the variables analyzed were calculated the Relative
Distance Plasticity Index (RDPI) and Phenotypic Plasticity
Index (PPI), were both ranging from 0 (no plasticity) to 1
(maximal plasticity), according to Valladares et al. (2006):

RDPI = X(dij — i/jr/(xifj’ + xij))/n

where “d” is the pairwise distance among trait values
between individuals (j) of different soils (i), which are com-
puted and divided by the sum of the corresponding pair of
trait values to obtain relative distances. The total number
of distances (n) divides the sum of these relative distances.

The Phenotypic Plasticity Index (PPI) was calculated
based on the maximum (Max) and minimum (Min) means
for each trait:

PPI = (Max — Min)/Max

These indices were applied primarily to assess the range
of intraspecific variation in the studied species and to com-
pare them with others, rather than to evaluate actual phe-
notypic plasticity, which requires a specific design that dis-
tinguishes between genetic and environmental influences.

Data analysis  — For the data analysis and graph develop-
ment, the software R (R Core Team 2022), version 4.2.2
(2022-10-31 ucrt), and RStudio Desktop were used. The
Bartlett test (bartlett.test()) was applied to verify the homo-
geneity of variances, and means were compared using the
t-test (t.test()), both implemented in the stats package, con-
sidering a significance level of a=0.05. Principal Compo-
nent Analysis (PCA) was conducted to evaluate the data
structure and identify the attributes that contributed most
to the variation, using the function prcomp() from the same
package. Prior to the analysis, the data were standardized
with the function decostand() from the vegan package
(Oksanen et al. 2022).
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3 Results

Tapirira guianensis wood is diffuse-porous, with vessels
arranged in diagonal and/or radial patterns (Fig. la, b),
occurring singly or in multiples of 2 to 4. Vessel density
ranges from 13.0—25.6—41.9 vessels/mm?, with tangen-
tial diameter of 76.0—57.2—93.2 um and vessel element
lengths of 67.4—90.6—110.8 um, often showing short tails
at one or both ends. Vessel outlines are circular to oval, with
simple perforation plates (Fig. 1c, d). Septate fibers measure
805—1117—1364 pm in length, with thin to thick walls
(3.9—4.2—4.7 ym). Gelatinous fibers are present (Fig. le,
f), identifiable by a bright blue layer in double-stained sec-
tions, and appear dispersed in the fiber matrix, in small clus-
ters, or, in some samples, as continuous bands, particularly
in earlywood. Axial parenchyma is scanty paratracheal. Rays
are composed of procumbent body cells, and one or two
rows of upright or square marginal cells (Fig. 1g), 2-3 cells
wide (26.1—30.7—42.2 um) and 15—32—48 cells high
(306—369—468 um). Rays with secretory canals are pre-
sent (Fig. 1h, ). Idioblasts containing rhombohedral crystals
are found at the ray margins, and silica bodies are present
in procumbent cells (Fig. 1j). Vessel-ray pits have highly
reduced borders to a nearly simple form, with rounded out-
lines (Fig. 1k, 1), while intervessel bordered pits are alternate
and polygonal (Fig. 1m—o).

The first two principal axes of the PCA account for
approximately 65% of the variance in the data, while the
first three axes account for about 75%. The traits are shown
in Fig. 2a in descending order of relevance on the first axis
of variation, based on the eigenvectors. The first compo-
nent (Fig. 2b) is mainly associated with vessel traits: ves-
sel density per mm? (VD), mean vessel diameter (MVD),
vessel grouping index (VG), vessel element length (VEL),
and gelatinous fiber fraction (GF). The second axis is pri-
marily characterized by fiber diameter (FD), fiber length
(FL), and ray height (RH). Vessel lumen fraction (VLF)
and ray height (RH) are the variables most correlated with
the third axis (Fig. 2c). The remaining traits contribute less
to the overall variance in the data.

The Relative Distance Plasticity Index (RDPI) ranged
from 0.04 to 0.54, while the Phenotypic Plasticity Index
(PPI) varied from 0.02 to 0.58. Factors such as the fraction
of gelatinous fibers, vessel grouping, vessel density, meso-
morphy, and vulnerability exhibited the highest plasticity
indices. In trees grown in Podzol, there is a higher vessel
grouping index (VG), smaller mean vessel diameter (MVD),
and higher vessel density (VD) compared to those grown in
Histosol. The vessel lumen fraction (VLF) is greater in trees
from Podzol, with a significance level of 0.07. In contrast,
the vessel element length (VEL) is greater in trees from His-
tosol, with a significance level of 0.08 (Table 1).
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Fig. 1 Xylem anatomical traits of Tapirira guianensis Aubl.: A: cross-section showing poorly distinct growth rings, demarcated by flattening of
the fibers and/or greater thickness of their walls in the latewood; B: Difuse porosity with solitary and multiples vessels, in cross-section; C, D
simple perforated plate in radial and tangential sections, respectively (arrow point to fiber sept); E, F: gelatinous fibers in cross-section (arrow
in G-layer); G: radial section with the secretory channel; H: tangential section; I: detail of the secretory channel, in tangential section; J: radial
section, with prismatic crystals (arrow); K, L vessel to rays pits in radial section; M—O: intervessel pits. Scale bars: A=500 pm; B=200 pm; C,
D =200 pm; E=50 pm; F=10 pm; G, H=50 pm; I, J =20 pm; K=50 pm; L, M=20 pm; N, O=10 pm
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Fig.2 Principal Component Analysis from xylem anatomical features of Tapirira guianensis, in two soil types (Histosol and Podzol), in a
coastal plain, in southern Brazil. A: Traits in descending order of relevance for the first axis of variation, based on the eigenvectors. B: axis 1 and
2 of PCA, C: axis 1 and 3 plot. Vessel lumen fraction (VLF), vessel grouping index (VG), mean vessel diameter (MVD), vessel density (VD),
vessel element length (VEL), gelatinous fiber fraction (GF), fiber length (FL), fiber diameter (FD), fiber wall thickness (FWT), ray height (RH),

ray width (RW)

Although gelatinous fibers were observed in all samples,
they were more conspicuous in Histosol (Fig. 3), occupy-
ing up to approximately 70% of the fiber matrix in some
samples. Additionally, a statistically significant difference
was found in ray width (RW and RC), which was greater in
Podzol. However, no significant differences were observed in
other ray and fiber characteristics between the two soil con-
ditions. Furthermore, vulnerability and mesomorphy values
were higher in Histosol than in Podzol.

Vessel diameter and vessel density are negatively cor-
related in the studied species (Fig. 4a). Although with a
weaker correlation, a similar trend was observed between
vessel lumen fraction and vessel density (Fig. 4b). However,
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there is no significant correlation between vessel diameter
and the fraction of area occupied by vessels (Fig. 4c). The
vessel grouping level is directly correlated with vessel den-
sity (Fig. 4d), while vessel element length is positively cor-
related with both vessel diameter and fiber length (Fig. 4e-f).

4 Discussion

The qualitative xylem attributes of 7. guianensis in the sam-
pled areas are similar to those observed for the species in the
Amazon Forest (Ferreira et al. 2020) and in the Atlantic For-
est, both in coastal restinga and mountain forests (Castelar
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Table 1 Xylem anatomical traits

o . . Podzol Histosol RDPI PPI
of Tapirira guianensis Aubl.,
in two soil types (Histosol and mean=+s mean=+s mean
Podzol), in a coastal plain in
southern Brazil Vessel grouping 2.39+044a 1.55+£0.09b 1,97 0.21 0.35
Vessel lumen fraction (%) 12.15+2.02 a** 9.83+1.88 b** 10,99 0.13 0.19
Mean vessel diameter (um) 68.74+7.99 b 83.34+11.24a76,04 0.11 0.18
Vessel density.mm™> 32.50+8.55a 18.61+4.64b 25,55 0.28 0.43
Vessel element length (um) 486+71.62 b* 562+48.02 a* 524,1 0.09 0.14
Fiber length (um) 1097 +183 a 1137+112a 1117 0.07 0.03
Fiber diameter (um) 20.45+2.06 a 18.82+0.78 a 19,64 0.05 0.08
Fiber wall thickness (um) 4.33+0.28 a 4.16+033a 4,24 0.04 0.04
Gelatinous fibers fraction (%) 19.00+14.62 b 58.20+15.29 236,82 0.54 0,67
Ray Height (um) 365+55.79 a 372+66.48 a 369,1 0.09 0.02
Ray Width (um) 3445+494 a 27.03+0.73b 30,74 0.12 0.22
Ray Height (n° of cells) 3121+12.52a 32.97+10.32 232,01 0.20 0.05
Ray Width (n° of cells) 2.68+0.26 a 2.32+0.27b 2,52 0.08 0.14
V: vulnerability 2.33+1.01b 4.83+1.81a 3,58 0.35 0.52
M: mesomorphy 1173+625b 2762+1159 a 1968 0.41 0.58

s—Standard deviation. PPI—Phenotypic Plasticity Index (PPI). RDPI—Relative Distance Plasticity Index.
Means followed by the same letter do not differ statistically by the t-test, at the probability of 0.05, *0.07,

#50.08

et al. 2023). The poorly distinct growth rings in this species
(dos Santos Silva et al. 2017) appear to be a genetic trait
characteristic of humid tropical and equatorial environments,
and genus as a whole (Terrazas and Wendt 1995). However,
the lack of data on this feature in other biomes and more
seasonal climates hinders generalization across the species’
broader distribution, which includes forests and savannas
(Ratter et al. 2003; Oliveira-Filho et al. 2005; Chiminazzo
et al. 2021).

The presence of gelatinous fibers is also a common fea-
ture in the genus Tapirira (Terrazas and Wendt 1995). These
cells have a thick, non-lignified inner wall made of highly
crystalline cellulose (G-layer), in which the microfibrils are
oriented approximately parallel to the fiber axis (Du and
Yamamoto 2007). These features of the G-layer alter the
micromechanical properties of the wood and may result in
higher elastic modulus and hardness compared to the other
wall layers (Liang et al. 2021).

Although typical of tension wood in eudicots, in inclined
stems (Cutter 1971), gelatinous fibers can also occur more
extensively in some species, not necessarily linked with
reaction wood. The higher percentage of gelatinous fibers
in trees from Histosol supports the hypothesis raised by
Cosmo et al. (2010) that gelatinous fibers may be impor-
tant in hydromorphic soils, helping trees adjust stem growth
in response to substrate instability. The thick organic layer
and shallow water table in Histosol result in a very unstable
support for the growth of tree species (Rachwal and Cur-
cio 2001). Although the distribution patterns of gelatinous
fibers in response to water conditions vary among species

(Callado et al. 2001; Luchi 2004; Cosmo et al. 2024a, b),
Callado et al. (2024) suggest that this type of cell may also
contribute to overcoming the physiological drought effects
caused by flooding.

The presence of septate living fibers also has functional
implications. This type of cell can serve both biomechani-
cal and storage functions (e.g., starch and water storage).
Additionally, they contribute to the axial connectivity of the
xylem in species lacking axial parenchyma or where it is
scarce (Plavcova et al. 2023). The combination of this type
of cell with the conspicuous presence of rays, as seen in T.
guianensis, may provide the species with a high water capac-
ity and assimilate storage, which can contribute to growth
and stress tolerance. The accumulation of starch, for exam-
ple, may be important for plants subjected to flooding in
maintaining high levels of anaerobic metabolism (Lobo and
Joly 1998). There is also evidence that both gelatinous fibers
and living fibers may serve a function in aluminum immobi-
lization (Sonsin et al. 2012). T. guianensis is highly tolerant
to excess aluminum, which frequently occurs in the environ-
ments where the species grows, such as in the nutrient-poor,
acidic soils of tropical plains and the cerrado. This tolerance
is likely associated with physiological mechanisms that neu-
tralize its toxicity (De Britez et al. 2002). Future investiga-
tions into the functions of living and gelatinous fibers could
provide valuable insights into the species’ responses to stress
factors it encounters.

The predominance of vessel and fiber attributes in
explaining data variation, as indicated by the first two prin-
cipal axes of the PCA, highlights the functional importance
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Fig. 3 Intraspecific variation on secondary xylem traits of Tapirira guianensis Aubl.: A: Cross-section, showing several multiples vessels in tree
sampled in Podzol; B: tangential section on tree sampled in Podzol, showing predominance of rays with three cells in with; C: Cross-section
showing predominance of solitary vessels, in tree sampled in Histosol; D: tangential section on tree sampled in Histosol, showing rays predomi-

nantly two cells in with. Scale bars: A-D =200 pm

of biomechanical and hydraulic traits. Comparable patterns
have been reported in species from subtropical ecosystems
in southern Brazil (Cosmo 2012), South Africa (Jacobsen
et al. 2007), subtropical shrubs in North and South America
(Martinez-Cabrera et al. 2009), as well as in Bathysa spp.
(Castelar et al. 2022) and intraspecific variation in Gymnan-
thes klotzschiana Miill.Arg. (Cosmo et al. 2024b).

The xylem vessel diameter and density in 7. guian-
ensis are comparable to those of other tropical and sub-
tropical hygrophilous species, such as Luehea divaricata
Mart., Matayba elaeagnoides Radlk., Vitex megapotamica
(Spreng.) Moldenke, Didymopanax morototoni (Aubl.)
Decne. and Planch, and Gymnanthes klotzschiana. Hydro-
philic specialists, including, Calophyllum brasiliense Cam-
bess., Erythrina crista-galli L., and Tabebuia cassinoides
(Lam.) DC., tend to have even wider vessels and lower den-
sities (Cosmo 2012). Large vessel diameters and low vessel

@ Springer

density are characteristic of species in humid tropical forests.
In contrast, narrow, highly numerous vessels increase the
safety of the conductive system by enhancing resistance to
cavitation (Tyree and Zimmermann 2002), a typical feature
of xerophytic species (Carlquist 2001). While wider vessels
have greater conductance—proportional to the fourth power
of the vessel radius—they are more susceptible to cavitation
caused by water deficits, frost, or mechanical damage (Tyree
and Zimmermann 2002; Sperry 2003; Mauseth and Steven-
son 2004). This trade-off between efficiency and safety influ-
ences the distribution of woody species in tropical forests,
as it reflects variable responses to differences in water avail-
ability (Zhu et al. 2017).

Although the humid climate of the Atlantic Forest favors
species with high water conduction capacity, geopedologi-
cal variations and substrate texture may result in different
levels of water availability, even at a local scale. In Podzol
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Fig.4 Allometric correlations between anatomical attributes of the wood of Tapirira guianensis, in two pedological units, in a coastal plain on

Southern Brazil

soil, the sandy texture and microrelief—particularly at sand-
bar summits—often result in drier conditions and a deeper
water table compared to Histosol. Such variations in water
availability likely drive intraspecific differences in xylem
traits associated with conduction function. Increased vessel
grouping and density, narrower vessels, and shorter vessel
elements observed in Podzol compared to Histosol reflect
strategies of T. guianensis to these changes in water avail-
ability. These traits represent an investment in a safer con-
duction system to mitigate cavitation under greater drainage
conditions typical of Podzol soils.

A higher number of vessels, along with greater connec-
tivity within vessel groupings, increases the redundancy
of the conduction system and, beyond a certain threshold,
enhances safety against cavitation. When embolism occurs,
a greater number of alternative pathways increases the like-
lihood that some vessels will remain functional, allowing
flow to be maintained through the non-embolized vessels
(Baas et al. 1983; Tyree and Zimmermann 2002; Ewers et al.
2007). In T. guianensis, Castelar et al. (2023) found that

increased resistance to embolism (P50) is associated with a
higher vessel grouping index (IVG), with intraspecific vari-
ation observed across different phytophysiognomies and soil
types. In the genus Acer, Lens et al. (2011) reported a strong
correlation between greater vessel grouping, more negative
mean cavitation pressure, and lower hydraulic conductivity.
However, increased redundancy through greater vessel con-
nectivity and grouping can occur without necessarily reduc-
ing hydraulic conductivity (Mrad et al. 2021).

Similar to T. guianensis, Calophyllum brasiliense shows
higher vessel density in trees growing in Podzol soils
compared to those in Histosol, within the same sampled
areas of this study (Cosmo et al. 2024a). An increase in
the number of vessels under drier conditions, compared to
flooded soils, has also been observed in Annona glabra L.
(Yanez-Espinosa and Terrazas 2001), Corchorus capsula-
ris L. (Parvin et al. 2018), and Malus x domestica Borkh
(Bhusal et al. 2020). In Alchornea sidifolia Miill. Arg. trees,
those from non-flooded soils exhibited narrower and more
numerous vessel elements compared to those from flooded
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soils (Callado et al. 2024). In Hevea brasiliensis (Willd. ex
A.Juss.) Miill. Arg., an increase in vessel density occurs
as water availability is reduced (Nery et al. 2023). In Cro-
ton urucurana Baill., Luchi (2004) observed higher vessel
density under mesic conditions compared to both dry and
flooded soils. Cacti respond to water deficit by increasing
the frequency of smaller-diameter vessels and decreasing the
number of larger-diameter vessels (Stevenson and Mauseth
2004).

The observed variations in 7. guianensis in terms of ves-
sel diameter, density, and grouping indicate an investment
in a more secure conductive system to resist cavitation in
better-drained soils (Podzol). This pattern of intraspecific
response aligns with expectations for interspecific variations
in xylem anatomy. Levionnois et al. (2021), evaluating the
correlation between anatomical traits and embolism suscep-
tibility (P50) in 25 neotropical tree species, found that larger
vessel diameters are associated with greater susceptibility,
while higher vessel density and grouping are linked to lower
susceptibility.

The allometric relationships among xylem traits generally
reveal functional trade-offs along the plant economic spec-
trum (Alvarado and Terrazas 2023). A negative correlation
between vessel diameter (VD) and mean vessel diameter
(MVD), as observed in T. guianensis (Fig. 4a), is commonly
found both at the interspecific level in broad floras (Carlquist
2001; Martinez-Cabrera et al. 2009; Zanne et al. 2010; Mar-
tinez-Cabrera et al. 2011; Fichtler and Worbes 2012; Olson
et al. 2020; Olson 2023) and within specific taxonomic
groups (Lens et al. 2003). This phenomenon is attributed to
the trade-off between xylem efficiency and safety (Gleason
et al. 2016), which shapes species distribution in response
to water availability (Zhu et al. 2017).

The length of vessel elements exhibited a similar trend
to vessel diameter, with which it was positively correlated
(Fig. 4e). A positive relationship between vessel element
length and vulnerability to cavitation has been observed
(Olson 2023). Shorter vessel element length (VEL) is
thought to help isolate air bubbles during cavitation and
resist higher negative pressures, although the underlying
mechanisms remain unclear (Carlquist 2001; Ewers et al.
2023). Another hypothesis suggests that vessel element
length may influence vulnerability to cavitation only insofar
as it affects vessel length, a trait that has a stronger correla-
tion with embolism (Lens et al. 2011). Regardless, VEL is
an important trait for understanding the functional responses
of xylem, and, unlike vessel length, it is relatively easy to
measure. This trait was also positively correlated with fiber
length, highlighting the convergence of trends in these two
characteristics.

In response to anoxia or hypoxia, some species exhibit
trends in waterlogged soils similar to those seen under con-
ditions of reduced water availability: an increase in vessel
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density, greater vessel clustering, and/or a decrease in vessel
diameter in waterlogged soils compared to mesic conditions
(Kolb et al. 1998; Bianchini et al. 2000; Luchi 2004; Cosmo
et al. 2024b). However, the xylem responses of Tapirira
guianensis between Podzol and Histosol soils resemble the
general trends observed in both inter- and intraspecific stud-
ies, with greater vessel grouping, smaller vessel diameter,
higher vessel frequency, and shorter vessel elements in envi-
ronmental conditions with lower water availability.

In hydromorphic soils of humid tropical forests in the
Amazon biome, Ferreira et al. (2020) observed average ves-
sel diameters of up to 135 um in 7. guianensis, much larger
than the average value observed in Histosol (83 um) and
lower vessel density in trees from the Amazon. A range of
vessel diameters similar to that observed in the present study
was noted by Sonsin et al. (2012) in savanna and gallery
forest in the Cerrado biome (70 and 90 um, respectively).
Although differences in tree size and age among the samples
in these studies may influence quantitative variations, the
hypothesis that these variations reflect functional differences
between the distinct biomes cannot be ruled out, consider-
ing the climatic differences, such as higher precipitation and
temperature in the Amazon biome compared to the Atlantic
Forest in southern Brazil and the Savanna.

The values of RDPI and PPI show that species exhibits
considerable intraspecific variation in several of the evalu-
ated traits, with values higher than those observed in C. bra-
siliense at the same locations for most traits (Cosmo et al.
2024a), reflecting the different levels of plasticity between
the two species. While C. brasiliense is a hydrophilic spe-
cialist, with low tolerance to water deficit, 7. guianensis is a
generalist that, in addition to tolerating flooding, occurs in
a wider range of environments and has greater tolerance to
water deficit. Castelar et al. (2023) also observed consider-
able intraspecific variation in 7. guianensis, when compar-
ing populations from two phytophysiognomies (restinga and
montane Atlantic Forest).

Even under water deficit conditions, 7. guianensis can
maintain a positive water status during dry periods, due to
its ability to store water in the xylem and develop new leaves
with greater stomatal control during droughts (Miranda et al.
2011). The species’ xylem also responds to water stress and
hormonal imbalances caused by the parasitic plant Pho-
radendron crassifolium (Pohl ex DC.) Eichler. Parasitized
branches exhibit more numerous, more clustered, and nar-
rower vessels compared to non-parasitized branches (Teix-
eira-Costa et al. 2015).

Empirical indices of vulnerability and mesomorphy,
established by Carlquist, provide an alternative method for
evaluating cavitation vulnerability using anatomical xylem
traits, which are relatively easy to obtain (Carlquist 2001).
These indices are generally consistent with current knowl-
edge of water transport physiology in xylem (Ewers et al.
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2023). Xerophilic species tend to exhibit low values of V
and M, as they have numerous, narrow vessels with short
elements. In species from mesic environments, the trend is
the opposite (Carlquist 2001). Studies on these attributes in
hydrophilic species are scarce, but they appear to follow the
general trend, with V and M values even higher than those
of mesophilic species (Cosmo 2012a).

In tropical trees, the safety margins of the conductive sys-
tem against embolism are narrow, impacting species produc-
tivity and survival, especially under conditions of increas-
ing drought and reduced groundwater availability (Choat
et al. 2012; Trueba et al. 2017) driven by climate change
(IPCC 2022). Xylem traits are important indicators of this
vulnerability (Sperry et al. 2006) and are especially use-
ful for predicting ecosystem-level impacts (Zhu et al. 2017,
Anfodillo and Olson 2021; Olson et al. 2023). Intraspecific
variation provides insights into adaptive strategies and help
understand the effects of these changes (Moran et al. 2016),
including identifying current and future environmental refu-
gia (Ramirez et al. 2020). Understanding species’ responses
to both permanent and temporary flooding is also crucial for
preserving and managing ecosystems under changing pres-
sures (Parolin and Wittmann 2010), as well as for identifying
species that are valuable for ecosystem restoration (Cosmo
et al. 2024b).

The efficiency of plants in overcoming the effects of
flooding is typically associated with morpho-functional and
physiological adaptations (Kolb et al. 1998; Lobo and Joly
1998; Barddal et al. 2016). The structure and functioning of
hydrophilic forests are strongly influenced by the eco-phys-
iological diversity of the communities and the plasticity of
each species (Duarte et al. 2005). Tree species most tolerant
to flooding significantly influence the structure, dynamics,
and nutrient retention within these communities (Galvao
et al. 2002; Marques et al. 2003). The anatomical struc-
ture of the secondary xylem in these species enables high
water conduction capacity, although they generally exhibit
high vulnerability to embolism. Changes in the hydrologi-
cal regime of soils can lead to significant alterations at the
ecosystem level, particularly in Histosols, where the organic
layer is extremely fragile and prone to degradation due to
subsidence when drained (Rachwal and Curcio 2001). In
this context, identifying species that are tolerant to flood-
ing yet plastic enough to withstand some degree of water
deficit, as shown to be the case with 7. guianensis, may be
highly relevant for the conservation and restoration of these
environments.

Consistent with this perspective, the present study reveals
significant variation in the secondary xylem of Tapirira gui-
anensis across different soil types within the same vegetation
type and climate. The observed trends suggest a strategy of
investing in xylem that is more resistant to cavitation in soils
with lower water availability, compared to Histosol, where

flooding is a permanent condition. This variation—charac-
terized by greater vessel grouping, higher vessel density,
smaller vessel diameters, and shorter vessel elements in soils
with lower water availability—aligns with patterns observed
in other inter- and intraspecific studies. These findings high-
light T. guianensis’s xylem plasticity, which may contribute
to its resilience to both flooding and drought.
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