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Abstract
Wood anatomy can serve as a source of phylogenetically informative characteristics, as well as a model of how more plastic characters have evolved over
time in plants, e.g., through ancestral reconstructions of wood anatomical traits across well-resolved phylogenies. However, the evolution of wood anatomy is
largely unexplored within a phylogenetic context due to limited availability of anatomical data across taxa. When compared with other angiosperm families,
Leguminosae is relatively well-documented, yet it still lacks comprehensive wood anatomical information, particularly in undersampled papilionoid clades. In
order to contribute to the understanding of micromorphological diversity across papilionoid legumes, we newly characterize the wood anatomy of Tabaroa
caatingicola, a papilionoid species narrowly endemic to the Brazilian Caatinga seasonally dry tropical forests, that has been molecularly placed in the poorly
anatomically studied tribe Brongniartieae. Optical histology and scanning electron microscopy (SEM) were used to examine and describe the wood anatomy
of T. caatingicola and compare it with six phylogenetically related Brongniartieae genera: Amphiodon, Behaimia, Haplormosia, Harpalyce, Limadendron, and
Poecilanthe. Wood anatomy of Tabaroa suggests adaptations to the irregular rainfall of the harsh Caatinga environment, featuring distinct growth rings, prone
to semi-ring-porous wood, multiple narrow vessels, simple perforation plates, and small and vestured pits. These traits increase water flow during abundance
and ensure hydraulic safety during scarcity, minimizing embolism formation and spread. By focusing on the genus Tabaroa, an ecologically distinctive and
evolutionarily isolated lineage, this study contributes to the understanding of the systematic and functional wood anatomy variation in the papilionoid legume
tribe Brongniartieae.

1 Introduction
Wood anatomical features have consistently been recognized to provide valuable sources of phylogenetic information (Baas et al. 2000; Carlquist 2013;
Herendeen and Miller 2000; Olson 2005), as well as a model of how characters more plastic have evolved over time in plants, through ancestral character
reconstructions in well-resolved phylogenies (e.g. Pace et al. 2022; Silva et al. 2021). Wood anatomical features are able to shed light on obscure relationships
at deeper nodes (Lens et al. 2007). However, the evolution of wood anatomy is still poorly unexplored within a phylogenetic context, perhaps due to the large
knowledge gaps of microscopic wood structures across clades (Lens et al. 2007).

Wood anatomy has been instrumental for delimitating several flowering plant families including the Marcgraviaceae, Tetrameristaceae (Lens et al. 2005), and
Sapotaceae (Kukachka 1980). Likewise, the wood anatomy of the ecologically and economically important family Leguminosae is relatively well documented,
when compared with other angiosperm families. (Gasson 1996; Gasson et al. 2004; Stepanova et al. 2013). However, most tribes within the Papilionoideae are
yet to be anatomically studied. Describing wood anatomical features of endemic, rare, monospecific or poorly diverse genera is therefore critical for
understanding evolutionary patterns of the micromorphological diversity across legumes. This is particularly critical in understanding how tree species can
behave in the face of climate change, especially in relation to temperature and precipitation variations that directly affect xylem transport and the survival
capacity of plants (Anfodillo and Olson 2021; Breshears et al. 2018; Fontes et al. 2022; Hajek et al. 2016)

The papilionoid legume genus Tabaroa and its only known species T. caatingicola L.P.Queiroz, G.P.Lewis & M.F.Wojc. of the tribe Brongniartieae (Fig. 1) have
been described more than ten years ago (Queiroz et al. 2010), yet wood anatomy in this phylogenetically important branch of the tribe remains fully unknown.
T. caatingicola is narrowly endemic to a small area of seasonally dry tropical forest and woodland (SDTFW) on sandy soils of the Brazilian Caatinga domain,
in southwestern Bahia (Fig. 2a), whereas its most closely related species Amphiodon effusus Huber is ecologically confined to the Amazon rainforest
(Cardoso et al. 2013). This clade, in turn, is sister to the genus Harpalyce, resulting in the topology (Harpalyce (Tabaroa, Amphiodon)) that has been
corroborated in several publications involving phylogenetic analyses of nuclear and plastid DNA sequence data (Cardoso et al. 2012, 2013, 2017; Meireles et
al. 2014; Queiroz et al. 2010, 2017) (Fig. 1). Brongniartieae is a taxonomically intriguing tribe within the Papilionoideae subfamily of the Leguminosae,
comprising 15 genera, mostly monospecific or with few species, totalling approximately 180 species (POWO 2024; WFO 2024). Despite the modest number of
species, the Brongniartieae tribe displays significant morphological diversity, and a wide geographic distribution across continents and biomes, with marked
variation in ecological preferences. For this reason, many of its morphologically disparate genera were previously placed in at least four distantly related tribes
(Cardoso et al. 2017; Queiroz et al. 2017).

Caatinga is an indigenous Tupi word that means “white forest”, describing the grey and light aspect during the dry season, when the majority of trees and
shrubs are devoid of leaves, allowing light to reach the ground, consists predominantly of xeric shrub, thorn and drought resistant species, dominated by
legume trees (Giulietti et al. 2004; Queiroz 2009). The region is characterized by an extended dry season and erratic rainfall, resulting in sparse foliage and
undergrowth (Leal et al. 2005) (Fig. 1). It harbours numerous endemic species, with 34% of the flora exclusive to the area, many featuring unique physiological
adaptations to mitigate water loss during prolonged drought periods (Giulietti et al. 2004).

Although relatively common locally, T. caatingicola only occupies a restricted geographic area of about 12 Km2 and has been classified as Critically
Endangered (IUCN 2001). Here we newly present wood anatomical description for the ecologically distinctive, phylogenetically isolated, and highly threatened
species T. caatingicola and compares it with six phylogenetically related genera within the Brongniartieae, for which any wood anatomical data are available:
Amphiodon, Behaimia, Haplormosia, Harpalyce, Limadendron, and Poecilanthe (Fig. 2). Furthermore, we analyze the wood anatomy of T. caatingicola in light
of the most modern theories and functional hypotheses of secondary xylem.

2 Material and methods
2.1 Wood sampling and anatomical characterization – Wood samples from three trees were collected from the trunk at diameter at breast height (DBH = 1.30
m), in trees with apparent health and straight stem in a population of Tabaroa caatingicola in the municipality of Dom Basílio, state of Bahia, northeastern
Brazil (S 13º47'19"; W 41º30'04") (Fig. 3a). Non-destructive wood collection followed the procedure described by Silva et al. (2022b). Samples were vouched,
recorded, and deposited in the Herbarium and Xylotheque of the Instituto de Biologia of the Universidade Federal de Pelotas (Table 1). The climate from the
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collection area is dry, semi-arid of the low latitude and altitude (BSh), according to Köppen-Geiger’s classifications, with annual mean precipitation between
588–619 mm, and temperature 23.3–24.0 ºC, with great thermal amplitude throughout the year, 14.7–31.8 ºC (Fick and Hijmans 2017). The main biome in
the Caatinga phytogeographical domain is the seasonally dry tropical forest and woodland (Queiroz et al. 2017), which can be characterized as a xerophytic
vegetation across most of the semi-arid region of Northeastern Brazil, including mostly sparse vegetation that covers massifs and plateaus where rivers are
usually seasonal. Leguminosae species are among the most dominating flowering plants of the Caatinga (Queiroz 2006; Queiroz et al. 2017). Despite
comprising almost 10% of Brazil's territory, the Caatinga is inadequately explored, with only 1% designated as a Conservation Protection Area. The region
faces threats from deforestation and unsustainable agricultural practices, such as agriculture and cattle ranching, leading to soil salinization (Leal et al. 2005;
Silva et al. 2004).

Table 1
Diameter at breast height, height and quantitative data on the wood anatomy of Tabaroa

caatingicola (Leguminosae) for the three tree samples analyzed, recorded, and deposited in the
xylotheque of the Instituto de Biologia of the Universidade Federal de Pelotas (PELw). Additionally,

vulnerability and mesomorphy indices (sensu Carlquist 1977) are provided. Herbarium voucher: PEL
27325.

Morphological and anatomical parameters / Samples PELw 01 PELw 02 PELw 03

Diameter at breast height (1.30 m) (cm) 5.1 3.5 4.8

Height (m) 4.5 3.0 4.0

Vessels per square millimeter 119 ± 32 129 ± 11 147 ± 17

Vessel tangential diameter (µm) 44.0 ± 23.0 49.5 ± 16.2 63.1 ± 20.9

Vessel element length (µm) 163 ± 64 180 ± 31 197 ± 26

Intervessel/vessel-ray pit size (µm) 4.0 ± 1.5 4.4 ± 1.1 4.3 ± 1.2

Fibre length (µm) 727 ± 255 709 ± 140 799 ± 128

Fibre diameter (µm) 13.4 ± 3.7 13.1 ± 2.0 14.0 ± 2.1

Fibre wall thickness (µm) 4.7 ± 1.8 5.0 ± 0.8 5.4 ± 1.0

Fibre pit size (µm) 3.7 ± 1.3 2.8 ± 0.9 2.5 ± 0.5

Rays/mm 9.7 ± 2.3 11.4 ± 1.3 10.4 ± 1.1

Ray width (µm) 14.0 ± 4.3 18.2 ± 3.6 22.6 ± 4.1

Ray width (cell numbers) 2.0 ± 0.5 2.1 ± 0.4 2.5 ± 0.5

Ray height (µm) 126 ± 22 117 ± 15 129 ± 18

Ray height (cell numbers) 6.9 ± 1.3 6.1 ± 0.9 7.2 ± 1.0

Vulnerability index 0.4 ± 0.2 0.4 ± 0.1 0.4 ± 0.1

Mesomorphy index 68.2 ± 51.8 68.9 ± 25.5 83.1 ± 27.0

The preparation of histological slides followed the usual plant anatomical methods described by Johansen (1940) and Sass (1951). Histological sections
between 18–30 µm in thickness were made using a Leica© sliding microtome. Sections of each sample were clarified with sodium hypochlorite (50%),
coloured with 1% alcoholic safranin, dehydrated in a 50–100% alcoholic series and mounted in synthetic Canada Balsam© or Entellan©. The method
proposed by Franklin (1945), modified by Kraus and Arduin (1997), was followed to analyze dissociated cell elements. For the Scanning Electron Microscopy
(SEM) analyses, longitudinal wood sections, 18–30 µm thick were dehydrated in an alcoholic series, dried in a dry chamber (60°C ~ 12hs), placed on a stub
with a double-faced carbon label and metallized with gold. The observation of the samples was carried out with a SEM JEOL 6390LV© in the Instituto
Gonçalo Moniz (Fundação Oswaldo Cruz – FIOCRUZ).

The following quantitative wood anatomy characters were measured: vessels (vessels per square millimeter, tangential diameter, length, intervessel/vessel-ray
pit outer aperture diameter); fibres (length, width, and wall thickness); and rays (rays/mm, width, and height). Indices of vulnerability (vessel diameter / vessels
per square millimeter) and mesomorphy (indices of vulnerability × vessel element length) were calculated according to Carlquist (1977). The measurements of
vessels per square millimeter were obtained with ANATI QUANTI© software (Aguiar et al. 2007). The other measurements were carried out with an Olympus
CX40© microscope coupled with a micrometric lens and the factors obtained were converted to µm through a conversion factor. The terminology used in the
anatomical descriptions is in accordance with the IAWA Committee (1989). The measurement of the anatomical parameters n = 30 was fixed.

2.2 Mapping distribution across geographic and climatic spaces – To assess the distribution range across geographic and climatic spaces, we used built a
taxonomically verified specimen record data from the analyses of herbarium collections (ALCB, CEPEC, CEN, HUEFS, MO, MBM, NY, RB, RON, SP, SPF, US);
acronyms according to Thiers 2022) as available in the online databases of speciesLink (https://specieslink.net/) and Reflora
(https://reflora.jbrj.gov.br/reflora/PrincipalUC/PrincipalUC.do). Any erroneous georeferenced records were filtered with the R package coordinateCleaner (Zizka
et al. 2019), but whenever possible these specimens and others without geographic coordinates were included based on the closest georeferenced locality
accessed by comparing with localities of other plant specimens in the speciesLink database.
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From the latitude and longitude of each herbarium collection (a total of 153 specimens recorded, Appendix S1), the variables BIO12 (Annual Precipitation) and
BIO4 (Temperature Seasonality) were extracted from the WorldClim v.2.0 model layers (WGS84 projection; Fick and Hijmans 2017) using the R library raster
(Hijmans 2024). Bioclimatic variables (O’Donnell and Ignizio 2012) were derived from these climate models using the extract function in the raster library. We
mapped the range distribution of Tabaroa and its most phylogenetically closely related genus Amphiodon against the BIO12 bioclimatic variable, by using the
R packages raster, ggmap (Kahle and Wickham 2013), ggplot2 (Wickham et al. 2016), ggspatial (Dunnington 2023), and rnaturalearth (South 2017) as
implemented in RStudio (2022). The built a scatterplot to show the bioclimatic space of Tabaroa and Amphiodon across the BIO12 and BIO4 axes.

3 Results
Here, we provide a full description of the wood anatomy of Tabaroa caatingicola. This species exhibits “bark light grey with darker wavy stripes that interlink
and cross over to form a pattern suggestive of crocodile skin, inner bark dark green” (Fig. 3b), hence the vernacular name pau-jacaré (crocodile wood) because
of the resemblance of the bark to crocodile skin, as described by Queiroz et al. (2010, p. 199).

1. 3.1 General, organoleptic, and macroscopic wood anatomical characters – Wood with a brown heartwood and yellowish sapwood (Fig. 3c-d), highly
dense, and resistant to cutting. Odorless; straight grain; fine texture; gloss present. Distinct growth ring, macroscopically demarcated by fibrous zone
(Fig. 3c-d). Diffuse porosity, tending towards semi-ring porosity. Vessels arranged in a radial pattern; solitary and multiple radial vessels of 2–5, less
frequently 6–10; noticeable only under magnification; small in tangential diameter; very numerous; some vessels obstructed by deposits in the heartwood.
Axial parenchyma indistinct even under magnification. Rays noticeable only under magnification, storied.

2. 3.2 Microscopic anatomical description of wood – Growth rings are well defined, marked by thick-walled and radially flattened fibres and distended rays,
prone to semi-ring-porous wood (Fig. 4a-b). Vessels are wood diffuse-porous with a tendency to semi-porous (Fig. 4a-b). Vessel arrangement in radial
pattern (Fig. 4a-b). Vessel groupings: solitary and radial multiples of 2–5 (solitary 20–29%, radial multiples of two 26–29%, of three 18–27%, of four 10–
15%, of five 4–7%) occurring less frequently radial multiples of 6–10, 4–12% (Fig. 4a-b); simple perforation plates (Fig. 4f); intervessel pits alternate,
small and vestured (Fig. 4g); vessel-ray pits with distinct borders, similar to intervessel pits in size and shape throughout the ray cell (Fig. 4d). Deposits in
heartwood vessels. Fibres with simple to minutely bordered pits, few, common in both radial and tangential walls. Nonseptate fibres present. Fibres very
thick-walled (Fig. 4b). Axial parenchyma diffuse and paratracheal, both scanty (Fig. 4a-b). Fusiform and two cells per parenchyma strand (Fig. 4c), less
often 3–4 cells per parenchyma strand. Rays width 1 to 3 cells (Fig. 4c). Cellular composition of rays: homocellular, all ray cells procumbent (Fig. 4d); and
heterocellular, body ray cells procumbent with one or more row of procumbent cells more high, upright and/or square marginal cells (Fig. 4e). Perforated
ray cells present, rare. Storied structure includes rays, axial parenchyma and vessel elements that are storied or irregularly storied (4c). Mineral inclusions
include prismatic crystals in chambered axial parenchyma cells (Fig. 4c, e), and in procumbent, upright and square ray cells (Fig. 4e), less often in
chambered upright and/or square ray cells.

The anatomical quantitative features of the wood are described in Table 1. Data on wood anatomy for the tribe Brongniartieae is largely scarce. Among the 15
genera and approximately 180 species constituting this tribe, only six genera and merely eight species, about 4%, have any data on wood anatomy. Yet, some
species such as A. effusus and Limadendron amazonicum (Ducke) Meireles & A.M.G.Azevedo only have quite incomplete anatomical information (Table 2).
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Table 2
Comparative wood anatomy of Tabaroa caatingicola with eight species from the Brongniartieae tribe for which some wood anatomy data is available. For qu

data, the classes indicated by the IAWA Committee (1989) are presented, and when available, the range of variation (minimum – maximum), mean, and/or m
standard deviation. (-) Not applicable; (?) Information is missing. The list of anatomical character follows the IAWA Committee (1989).

Anatomical
character /
Species

Tabaroa
caatingicola
L.P.Queiroz,
G.P.Lewis &
M.F.Wojc.

Amphiodon
effusus
Huber

Behaimia
cubensis
Griseb.

Harpalyce
formosa DC.

Harpalyce
arborescens
A.Gray

Haplormosia
monophylla
(Harms)
Harms

Limadendron
amazonicum
(Ducke)
Meireles &
A.M.G.Azevedo

Limadendron
hostmannii
(Benth.)
Meireles &
A.M.G.Azevedo

Poec
parv
Bent

Growth rings Present Absent Absent Present Present Absent ? Present Pres

Growth
rings:
anatomical
markers

Thick-walled
and radially
flattened
fibres and
distended
rays, prone
to semi-ring-
porous wood

- - Marginal
parenchyma

Marginal
parenchyma,
semi-ring-
porous and
thick-walled
and/or
radially
flattened
latewood
fibres

- ? Marginal
parenchyma

Thic
and/
radia
flatte
latew
fibre
marg
pare

Porosity Diffuse-
porous with
a tendency
to semi-
porous

Diffuse-
porous

Diffuse-
porous

Diffuse-
porous

Diffuse-
porous with
tendency to
semi-ring
porosity

Diffuse-
porous

? Diffuse-porous Diffu
poro

Vessel
arrangement

Vessels in
radial
pattern

No specific
arrangement

No specific
arrangement

No specific
arrangement

No specific
arrangement

No specific
arrangement

? No specific
arrangement

No s
arran

Vessel
groupings

Solitary and
radial
multiples of
2–5, less
common
radial
multiples of
6–10

? Vessels in
radial
multiples of
4 or more
common

Vessels in
radial
multiples of
4 or more
common

Vessels in
radial
multiples of
4 or more
common

Solitary and
radial
multiples of
2–3

? Solitary and
radial
multiples of
2–3, less
common radial
multiples of
4–5

Solit
and 
mult
2, rad
mult
3–4

Perforation
plate

Simple ? Simple Simple Simple Simple Simple Simple Simp

Intervessel
pits
arrangement

Alternate ? Alternate,
polygonal

Alternate,
polygonal

Alternate Alternate,
polygonal

Alternate Alternate,
polygonal

Alter

Intervessel
pits size

Small ? Small Small ? Medium to
large

? Medium Sma
Med

Vestured pit Present ? Present Present Present Present ? Present Pres

Vessel–ray
pits

Similar to
intervessel
pits in size
and shape
throughout
the ray cell

? Similar to
intervessel
pits in size
and shape
throughout
the ray cell

Similar to
intervessel
pits in size
and shape
throughout
the ray cell

? Similar to
intervessel
pits in size
and shape
throughout
the ray cell

Similar to
intervessel pits
in size and
shape
throughout the
ray cell

Similar to
intervessel pits
in size and
shape
throughout the
ray cell

Simi
inter
pits 
and 
throu
the r

Mean
tangential
diameter of
vessel (µm)

≤ 50 to 50–
100 (44.0–
63.1)

50–100
(50–60)

50–100 50–100 (61) 50–100
(61.16 ± 
10.90)

100–200 ? 50–200 (100) 50–1
100)

Vessels per
square
millimeter

≥ 100 (119–
147)

5–20 (8.3) ? 40–100 (68) 40–100 (45 
± 15; 29–66)

≤ 5 to 5–20 ? 5–20 (10–15) 5–40
38)

Mean vessel
element
length (µm)

≤ 350 (163–
197)

? ? <= 350 (208;
(173–270))

350–800
(187.06 ± 
20.66)

? ? ? ?

Tyloses Absent ? Absent Absent Absent Absent Present Absent Pres

Deposits in
heartwood
vessels

Present ? Absent Absent Present Present ? Present Pres
oleo

Ground
tissue fibres

Fibres with
simple to
minutely
bordered pits

? Fibres with
simple to
minutely
bordered pits

Fibres with
simple to
minutely
bordered pits

Fibres with
simple to
minutely
bordered pits

Fibres with
simple to
minutely
bordered
pits

? Fibres with
simple to
minutely
bordered pits

Fibre
simp
minu
bord
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Anatomical
character /
Species

Tabaroa
caatingicola
L.P.Queiroz,
G.P.Lewis &
M.F.Wojc.

Amphiodon
effusus
Huber

Behaimia
cubensis
Griseb.

Harpalyce
formosa DC.

Harpalyce
arborescens
A.Gray

Haplormosia
monophylla
(Harms)
Harms

Limadendron
amazonicum
(Ducke)
Meireles &
A.M.G.Azevedo

Limadendron
hostmannii
(Benth.)
Meireles &
A.M.G.Azevedo

Poec
parv
Bent

Septate and
nonseptate
fibres

Nonseptate
fibres

? Nonseptate
fibres

Nonseptate
fibres

Nonseptate
fibres

Nonseptate
fibres

? Nonseptate
fibres

?

Fibre wall
thickness

Very thick-
walled

? Very thick-
walled

Very thick-
walled

Thin- to
thick-walled
and

very thick-
walled

Very thick-
walled

? Very thick-
walled

Very 
walle

Fibre
diameter
(µm)

13.1–14.0 ? ? 12 13.51 ± 1.77 ? ? ? ?

Fibre wall
thickness
(µm)

4.7–5.4 ? ? 4 3.13 ± 0.74 ? ? ? ?

Fibre length
(µm)

≤ 900 (709–
799)

? ? 900–1600
(947; 799–
1021))

≤ 900
(270.30 ± 
43.14)

900–1600 ? ? ?

Axial
parenchyma

Diffuse and
paratracheal,
both scanty

Bands more
than three
cells wide

Diffuse and
paratracheal,
both scanty
and
marginal

Scanty
paratracheal,
vasicentric,
confluent
and
marginal

Unilateral
paratracheal,
lozenge-
aliform,
confluent,
bands more
than three
cells wide
and
marginal

Scanty
paratracheal
and bands
with 2–6
cells wide

? Scanty
paratracheal,
bands with 2–
4 cells wide
and marginal

Scan
para
and 
narro
band
lines
three
wide

Axial
parenchyma
cell type /
Strand
length

Fusiform
and two
cells, less
often 3–4
cells

? 2–4 cells 1–2 cells 2 cells 3–4 cells 2–4 cells 2–4 cells 3–4 

Ray width 1–3 cells ? 1–3 cells 2 cells 1–3 cells 1–3 cells 1–4 cells 1–3 cells 2–3 

Rays with
multiseriate
portion(s) as
wide as
uniseriate
portions

Absent ? Absent Absent Absent Absent Present Absent Abse

Ray height 14.0–22.6
µm; 6.1–7.2
cells

? 7–10 cells 230 µm 178.68 ± 
31.89 µm

? ? ? 120–

Rays:
cellular
composition

All ray cells
procumbent
and body ray
cells
procumbent
with one or
more row of
procumbent
cells more
high, upright
and/or
square
marginal
cells

? All ray cells
procumbent
and body ray
cells
procumbent
with one row
of upright
and/or
square
marginal
cells

Body ray
cells
procumbent
with one row
of upright
and/or
square
marginal
cells

All ray cells
procumbent

All ray cells
procumbent
and body
ray cells
procumbent
with one or
more row of
upright
and/or
square
marginal
cells

Body ray cells
procumbent
with one row
of upright
and/or square
marginal cells

Body ray cells
procumbent
with one row
of upright
and/or square
marginal cells

Hom

Sheath cells Absent ? Absent Absent Absent Absent Absent Absent Abse

Perforated
ray cells

Present, rare ? Absent Absent Absent Absent ? Absent Abse

Rays per
millimeter

9.7–11.4 ? 4–12 4–12 (12) 4–12 (4 ± 1;
2–6)

4–12 to ≥ 
12

? 4–12 (6–7) 4–12
(8–1

Storied
structure

Rays, axial
parenchyma
and vessel
elements

? Rays, axial
parenchyma
and vessel
elements

Rays, axial
parenchyma
and vessel
elements

Rays, axial
parenchyma
and vessel
elements

Rays, axial
parenchyma
and vessel
elements

Absent Absent Rays
pare
and 
elem
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Anatomical
character /
Species

Tabaroa
caatingicola
L.P.Queiroz,
G.P.Lewis &
M.F.Wojc.

Amphiodon
effusus
Huber

Behaimia
cubensis
Griseb.

Harpalyce
formosa DC.

Harpalyce
arborescens
A.Gray

Haplormosia
monophylla
(Harms)
Harms

Limadendron
amazonicum
(Ducke)
Meireles &
A.M.G.Azevedo

Limadendron
hostmannii
(Benth.)
Meireles &
A.M.G.Azevedo

Poec
parv
Bent

Mineral
inclusions

Prismatic
crystals in
chambered
axial
parenchyma
cells, and in
procumbent,
upright and
square ray
cells, less
often in
chambered
upright
and/or
square ray
cells.

? Prismatic
crystals in
upright
and/or
square ray
cells and in
chambered
axial
parenchyma
cells

Prismatic
crystals in
upright,
square and
procumbent
ray cells and
in
chambered
axial
parenchyma
cells

Absent Prismatic
crystals in
chambered
axial
parenchyma
cells

? Prismatic
crystals in
procumbent
ray cells

Abse

Reference This paper Tsuchiya et
al. (2002)

Gasson et al.
(2004)

Bonilla et al.
(2004)

Ramírez-
Martíne et al.
(2017)

Loupe et al.
(2008)

InsideWood
(2004-
onwards)

Detienne and
Jacquet
(1983)

Man
Chim
(198

4 Discussion
External characteristics of the bark, as well as the general, organoleptic, and macroscopic anatomical features of wood, can assist regulatory bodies in wood
identification and in combating illegal exploitation and trade. This information can thereby contribute to the conservation efforts for this species (Silva et al.
2022b).

4.1 Systematic wood anatomy – The wood anatomy of Tabaroa caatingicola differs from other Brongniartieae genera by having more than 100 vessels.mm− 

2, the vessels arranged in a radial pattern and perforated ray cells. Although comparing T. caatingicola with its closest genus, Amphiodon, is impeded by
limited anatomical data for the latter, distinctions arise in growth rings, porosity, and axial parenchyma type: Tabaroa exhibits growth rings, semi-porous wood,
and diffuse and scanty paratracheal, while Amphiodon lacks growth rings, displays diffuse-porous wood, with paratracheal parenchyma bands more than
three cells wide (Tsuchiya et al. 2002). With the current data, no anatomical feature of the wood is exclusive to these two sister genera. A comprehensive wood
anatomical description is advised for Amphiodon effusus.

Most wood anatomical features observed in Tabaroa and all other Brongniartieae genera are also widely observed in woody angiosperms: wood diffuse-
porous (some tend to semi-porosity), vessels multiples, simple perforation plates, intervessel pits alternate, vessel–ray pits with distinct borders similar to
intervessel pits in size and shape, libriform fibres with very thick-walled and non-septate, 4–12 rays.mm− 2 and gums and other deposits in heartwood vessels
(except Behaimia) (Carlquist 2001; Wheeler and Baas 1991; Wheeler et al. 2007); or in Leguminosae wood: vestured pits, 1–4 cells per parenchyma strand, and
all rays, axial parenchyma and vessel elements storied (except Limadendron) (Carlquist 2001; Gasson 1996; Gasson 1999; Höhn 1999; Pernía and Melandri
2006; Ramanantsialonina et al. 2022; Stepanova et al. 2013). Hence, considering the limited data available among species of the Brongniartieae tribe, no
anatomical trait can be inferred as synapomorphic of this clade. However, the composition of ray cells, diffuse and/or paratracheal scanty axial parenchyma
(except Amphiodon effusus and Harpalyce arborescens), and the presence of prismatic crystals (except H. arborescens and Poecilanthe parviflora) appear to
be very characteristic of the tribe.

The anatomical markers semi-ring-porous wood and thick-walled and radially flattened fibres are reported for Harpalyce arborescens A.Gray (Loupe et al.
2008), the latter also being described for Poecilanthe parviflora Benth. (Manieri and Chimelo 1989). The other Brongniartieae species either lack growth rings
or exhibit marginal parenchyma, a more common anatomical marker in Leguminosae, also associated with deciduous species (Carlquist, 2001; Höhn 1999;
Pernía and Melandri 2006; Silva 2006; Stepanova et al. 2013; Worbes and Fichtler 2010), although it does not occur in Tabaroa. Tabaroa caatingicola shares
with its phylogenetically related genus Harpalyce tendency to semi-ring-porous wood and short vessel element length (≤ 350 µm) (Bonilla et al. 2004; Ramírez-
Martíne et al. 2017).

Other anatomical similarities can be noted among the other Brongniartieae genera. For example, marginal parenchyma is characteristic of Harpalyce,
Limadendron, and Poecilanthe (Bonilla et al. 2004; Detienne and Jacquet 1983; Manieri and Chimelo 1989; Ramírez-Martínez et al. 2017), being a type of
parenchyma widely distributed across Leguminosae species (Carlquist 2001; Gasson 1996; Gasson 1999; Höhn 1999; Pernía and Melandri 2006;
Ramanantsialonina et al. 2022; Stepanova et al. 2013). The polygonal intervessel pits are characteristic of Behaimia, Haplormosia, Harpalyce, and
Limadendron (Bonilla et al. 2004; Detienne and Jacquet 1983; Gasson et al. 2004; Loupe et al. 2008). Tyloses is present in Limadendron and Poecilanthe
(InsideWood 2004-onwards; Manieri and Chimelo 1989), it goes against the data which indicate that species with vessel–ray pits similar to intervessel pits,
normally with small diameter, have a low probability of having tyloses (Bonsen and Kučera 1990; De Micco et al. 2016). The absence of deposits in heartwood
vessels is indicated for Behaimia and Harpalyce (Bonilla et al. 2004; Gasson et al. 2004). Rays with multiseriate portions as wide as uniseriate portions are
limiting to Limadendron amazonicum (InsideWood 2004-onwards).

4.2 Functional and ecological wood anatomy – Growth rings are present in the wood of T. caatingicola and are identified by three distinct anatomical markers:
thick-walled and radially flattened fibres and distended rays, prone to semi-ring-porous wood. Anatomical markers can be characterized as histological
contrasts arising from traits that vary between cells produced throughout a growing season, giving rise to early- and latewood (Silva 2023). Each of these
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variations, whether in isolation or combination, generates identifiable features in the secondary xylem, recurring across multiple growing seasons. Currently,
growth rings are conceived not only as a result of the vascular cambium’s ability to respond to environmental and physiological changes but also to effect
changes in the secondary xylem with significant functional implications (Carlquist 2000; Silva et al. 2019, 2021; Silva 2023).

Fibers with a smaller lumen and thicker walls are hypothesized to enhance the security of transport in vessel elements, representing the most widespread
anatomical marker among angiosperms, particularly in tropical regions (Jacobsen et al. 2005; Silva et al. 2021). Semi-ring-porous wood is more commonly
found in species distributed in subtropical and temperate regions (Silva et al. 2021). However, it is also present in tropical species, particularly in more
seasonal habitats, like the Caatinga dry woodlands, where gradations between diffuse and semi-ring porosity can be observed (Aragão and Lisi 2019; Gasson
et al. 2017; Silva 2006). This anatomical marker shows varying degrees of specialization in balancing the trade-off between embolism protection and efficient
conduction. Broad vessels in the earlywood facilitate conduction capacity with a lower risk of embolism during periods of ample water availability. In contrast,
narrower vessels in conditions of water scarcity, although less efficient for transport, ensure continuous xylem flow while minimizing the risk of embolism
formation and the subsequent disruption of conduction (Baas et al. 2004; Sperry et al. 2006; Tyree and Zimmermann 2013). Distended rays, on the other hand,
adapt to adjacent cells, preventing the formation of large intercellular spaces and, consequently, cracks in the secondary xylem (Silva et al. 2021; Silva 2023).

The seasonality and irregularity of rainfall in the Caatinga explain the formation of growth rings with an annual periodicity (Mattos et al. 2015; Nogueira Jr et
al. 2018; Silva 2006) and infra-annual, potentially forming multiple annual ring (sensu Silva et al. 2019; Pagotto et al. 2015). The latter periodicity is also
recognized for dry forests in East Africa (Gourlay 1995a, b; Jacoby 1989). The growth rings of T. caatingicola should be studied to determine the periodicity.

Given that T. caatingicola is ecologically confined to a semi-arid region, the vessel characteristics outlined here — including a degree of semi-porosity,
predominantly multiple vessels, small diameter, high number of vessels per square millimeter, short vessel element length, simple perforation plates, and
vestured pits — are consistent with the well-established trade-off between safety × efficiency in conduction. This trade-off is widely recognized as the primary
factor influencing the evolution of secondary xylem in seed plants (Baas et al. 2004). While the mechanisms of freeze-induced embolism are better
understood, drought-induced embolism is a theme that has gained strength in recent years (Hacke et al. 2023; Olson 2022). Failures in sap transport through
the xylem are among the main causes of death or reduced productivity in plants subjected to drought (Anfodillo and Olson 2021; Breshears et al. 2005, 2018;
Brodribb and Cochard 2009; McDowell et al. 2018). So, cavitation vulnerability is a relevant hydraulic trait that determines a species’ competitiveness under
water stress (Islam et al. 2018).

Wider vessels are at a higher risk of embolism than narrower vessels within a tissue and when we compare species. Typically, wider vessels tend to be more
vulnerable to drought-induced embolism, whereas embolism-resistant vessels are generally narrow (Hacke et al. 2023). This explanation justifies the small
mean vessel diameter, as well as the slightly semi-ring porosity observed in T. caatingicola. The vessel diameter influences the variation in vessels per square
millimeter. The inverse correlation between diameter and vessel frequency has been previously reported and is widely supported in the literature (Chave et al.
2009; Sperry et al. 2008).

The high percentage of multiple vessels, ranging from 71–80%, stands out in the wood of T. caatingicola. The performance of different levels of vessel
grouping in secondary xylem is a controversial subject in the literature since Carlquist (1984). Some authors argue that multiple vessels increase the chances
of propagating cavitation of air-seeding (Jacobsen et al. 2007; Tyree and Zimmermann 2013), while others suggest that a higher connection between vessels
improves hydraulic integration, providing alternative pathways when embolism blocks flow in one vessel, reducing the potential loss of water transport
capacity associated with cavitation (Loepfe et al. 2007; Trifilò et al. 2014). Despite many gaps in understanding the functioning of different vessel grouping
levels, the latter argument is gaining strength by providing data that cavitation can be more easily removed in grouped vessels than in solitary ones (Hölttä et
al. 2009), and that multiple vessels are more resistant to cavitation (Lens et al. 2011). In any case, T. caatingicola is part of the species in dry forests that
exhibit greater vessel connectivity (Apgaua et al. 2022; Scholz et al. 2014).

The considerably short vessel elements described for the wood of T. caatingicola also have a functional relationship with the water-limited, arid environment
in which this species grows. Carlquist (1975) hypothesized that shorter vessel elements have adaptive value, resisting mechanical deformation under negative
pressure. Recently, a comparative analysis of over 1000 species confirmed Carlquist’s prediction, indicating that shorter vessel elements affect vessel
resistance to deformation. Species with exceptionally short vessel elements tend to grow in arid lands, while those with exceptionally long vessel elements
tend to thrive in humid climates (Echeverría et al. 2023). Simple perforation plates are widely found in angiosperms, prevailing in species distributed across
the tropics. Simple perforation plates provide considerably less resistance to sap flow between vessel elements, being crucial, when compared to compound
perforation plates, for high flow demands (Carlquist 2001; Wheeler and Baas 1991; Wheeler et al. 2007), notably for plants growing in environments with
scarce and irregular precipitation such as the Caatinga.

The vestured pits described for the vessel elements of T. caatingicola are an anatomical trait of wood with systematic and functional value. They are generally
associated with simple perforation plates, bordered pits, and dry environments, characterizing taxa such as the orders Myrtales and Gentianales, and families
such as Malpighiaceae and Leguminosae (Jansen et al. 2001, 2008). Although vestured pits are related to safety in hydraulic conduction, reducing
vulnerability to cavitation or assisting in embolism repair, the mechanisms associated with these functionalities remain poorly understood (Jansen et al. 2008;
Rabaey et al. 2010). The presence of highly lignified structures within the pit chamber can influence hydraulic resistance. Vestured pits appear to facilitate
embolism reversal in xeric and warmer regions with high transpiration rates (Jansen et al. 2003), like the Caatinga seasonally dry vegetation. The small pit
apertures recorded for the vessel elements of T. caatingicola are associated with the small diameters of the vessel elements, as this trait covaries with vessel
element diameter (Silva et al. 2022a).

The xylem of T. caatingicola is considered to have a high degree of xeromorphism based on the vulnerability and mesomorphy index values. Carlquist (1977)
considered vulnerability index values significantly below 1.0, as observed here, to indicate a high degree of xeromorphy. Meanwhile, mesomorphy index values
above 200 indicate mesophytic species. For these indices, higher values are associated with greater efficiency, while lower values are linked to greater safety
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(Carlquist 1977). The vulnerability and mesomorphy indices proposed by Carlquist (1977) help quantify the degree of mesomorphy or xeromorphy exhibited in
the plant xylem, contributing to a quantitative approach to plant anatomy, particularly in the fields of functional and ecological anatomy (Ewers et al. 2023).

Despite of the few data available for comparison, the other species of the Brongniartieae tribe exhibit a series of wood anatomy traits common to T.
caatingicola. However, most of these traits are widely found in angiosperms and/or in Leguminosae. Tabaroa caatingicola has a set of wood anatomy traits
that distinguishes it from other Brongniartieae genera. The wood anatomy of T. caatingicola reveals a set of adaptations to the SDTFW biome of the Brazilian
Caatinga domain, where the low precipitation with irregular rains, high temperatures, and high transpiration potential increases the likelihood of drought-
induced embolism formation (Hacke et al. 2023; Olson et al. 2023). These adaptations include semi-ring-porous wood with distinct growth ring boundaries,
multiple narrow vessels, simple perforation plates, small and vestured pits. These traits increase flow during periods of higher water availability and ensure
hydraulic safety during scarcity, while also providing mechanisms to minimize the formation and spread of embolisms.
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Figure 1

Bayesian majority-rule consensus tree based on matK sequence data (from Cardoso et al. 2017) showing the relationship of the tribe Brongniartieae with
respect to the main lineages of the early branching Genistoid clade of papilionoid legumes (circular cladogram on the lower left), and a summary of the genus-
level Brongniartieae phylogeny showing the placement of Tabaroa (cladogram on the right). Photo of the Tabaroa flowers by Luciano Paganucci de Queiroz.

Figure 2
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Distribution of the phylogenetically closely related monotypic genera Tabaroa (focus of the current anatomical characterization) and Amphiodon across
geographic and climatic spaces. a) The geographical distribution of Tabaroais narrowly restricted to areas with low annual precipitation in the Caatinga of the
Brazilian Northeast, whereas Amphodion distribution spans a wide range across wetter areas of the Amazon. b) Climate space of Tabaroa and Amphiodon
plotted using the WorldClim-derived bioclimatic variable BIO12 and BIO4 (Fick and Hijmans 2017).

Figure 3

Tabaroa caatingicola (Leguminosae). a: T. caatingicola, most prominent tree in the center of the image, in its natural habitat during the rainy season. b: Trunk
showing the characteristic ‘crocodile skin’ bark pattern. c-d: Transversely cut stem showing the brown heartwood and yellowish sapwood, in addition to the
growth rings. Scale bar – c: 1.0 cm; d: 0.5 cm. Photos: Marcelo dos S. Silva.
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Figure 4

Wood anatomy of the papilionoid legume Tabaroa caatingicola. a – e: Light microscopy. f – g: Scanning electron microscope. a – b: Cross section, black
arrowhead indicates the limit of the growth rings. c: Tangential section, white arrowhead indicates prismatic crystals in chambered axial parenchyma cells. d
– e: Radial section, white arrowhead indicates prismatic crystals in chambered axial parenchyma cells; white arrow identifies prismatic crystals in procumbent
ray cells and black arrow indicates prismatic crystals in upright ray cells. f: Radial section showing a detail of vessel elements with simple perforation plate.
g:Detail of a vessel element in tangential view showing intervessel pits alternate and vestured. Scale bar – a: 300 mm; b – c: 200 mm; d – e: 100 mm; f – g: 10
mm.


