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ARTICLE INFO ABSTRACT

Forest edge effects promote striking microclimatic shifts that result in greater light exposure, increased air
temperature and evapotranspiration rates, and reduced soil moisture can alter stem hydraulic conductivity.
These environmental conditions greatly increase the risk of emboli in xylem, which can disrupt or even cease
water transport. We investigated tropical tree species in contrasting sites to understand the influence that edge
effects have on wood functional anatomy. We compared wood anatomical traits between trees of forest edge and
forest interior sites. The species exhibited two types of xylem arrangements based on the distribution of par-
enchyma cells: Pseudopiptadenia inaequalis and Copaifera lucens, with paratracheal axial parenchyma (PP), and
Eugenia excelsa and Erythroxylum cuspidifolium, with predominant apotracheal axial parenchyma (AP). Tree
species with PP xylem possessed shorter and wider vessel elements and lower ray and vessel frequencies, while
species with AP xylem possessed longer and narrower vessel elements and higher ray and vessel frequencies.
Regardless of the axial parenchyma arrangement, all four species had a greater percentage of axial parenchyma
at the edge sites. The different xylem arrangements showed distinct responses to the edge effect in vessel fre-
quency. The tropical tree species studied here shift to a greater abundance of axial parenchyma when subjected
to effects of forest edge, probably to ensure safe water transport. This behavior, in the face of environmental
stresses, is a plastic response, and likely due to functional versatility of parenchyma cells. The patterns of vessel
frequency for PP and AP suggest that these xylem arrangements can be considered functional groups since the
species in each group share similar traits and have similar strategies for conducting and maintaining water flow.
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1. Introduction and processes (Rodrigues et al., 2016; Prieto et al., 2013). Forest edge

effects seem to speed up forest dynamics and promote high tree mor-

The Atlantic Forest is characterized by high levels of species di-
versity and endemism (Galindo-Leal and Camara, 2005), and represents
one of the 36 global biodiversity hotspots (Mittermeier et al., 2004;
Scarano and Ceotto, 2015; Weinzettel et al., 2018). Deforestation, re-
sulting from historical human occupation has left only 28% of the
original extent of the Atlantic Forest (Rezende et al., 2018). Most
remnants are isolated pockets that are restricted to slopes away from
anthropic habitats (Silva et al., 2007; Metzger et al., 2009) as is the case
for “Serra do Mar”, where only 36.5% of the original forest remains
(Ribeiro et al., 2009). Forest fragmentation and edge effects occur in
many Atlantic Forest sites and significantly alter natural forest patterns
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tality and less recruitment (Rodrigues et al., 2016). Briefly, anthro-
pogenic edge effects show complex cause-consequence outcomes and
may represent an actual threat to species survival. In this way, it is very
important to understand the manner in which species respond to these
changes.

Trees that survive at forest edges are subjected to wind turbulence,
which results in higher coverage by lianas, and a sharp increase in light
exposure and evapotranspiration rates (Laurance et al., 2000). Some
tropical forests subjected to edge effects, caused by linear canopy
openings, showed increased light irradiance and air temperature,
vapor-pressure deficit, and decreased soil humidity (Pohlman et al.,
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Reserva Bioldgica do Tingua

Old pipeline

Interior

Fig. 1. Study area. A — Atlantic Forest domain. B — Atlantic Forest remnant. C -Map of the Reserva Biolégica do Tingua with the location of the oil pipelines. D —
Atlantic Forest fragments in the state of Rio de Janeiro. E - Study area. Plots that are under edge effects are in orange, control areas are in green and the linear canopy

opening where the oil pipeline passes is in yellow. F — Linear canopy opening where the oil pipeline passes underground. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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2007). In the Atlantic Forest, such linear edges can also alter the species
composition of the understory (Prieto et al., 2013). Habitat fragmen-
tation can sometimes reduce local biodiversity by up to 75% and impair
key ecosystem functions by reducing biomass and affecting nutrient
cycles (Haddad et al., 2015).

All of these habitat-wide alterations may be linked to the capacity of
genotypes to express different phenotypes when exposed to environ-
mental change (i.e., phenotypic plasticity; see Bradshaw, 1965). This
important mechanism is quick and ubiquitous for a wide range of or-
ganisms that face environmental challenges (Aubin et al., 2016). Trees,
when exposed to an unfamiliar environment, must accommodate a
large number of changes in the morphology and function of cells, re-
sulting in change in the configuration of tissues and organs
(Lachenbruch and McCulloh, 2014). Although phenotypic changes of
leaves induced by changes in biotic and abiotic factors have been
widely documented, far less is known about the capacity of woody
anatomy to accommodate such changes, despite its central role in ad-
justing the water economy of the entire tree to new conditions (Gratani,
2014).

Sensitivity of the vascular cambium to environmental conditions,
and the consequent changes in xylem structure, represents an example
of phenotypic plasticity (sensu Gianoli and Valladares, 2012), and has
been documented in the literature (e.g. Carlquist, 1977, 1988; Baas and
Schweingruber, 1987; Wheeler and Baas, 1991; Alves and Angyalosy-
Alfonso, 2000; Fonti et al., 2010; Beckman, 2016). Vessel diameter is
the wood anatomical trait most subject to structural change and is used
most widely as a proxy for hydraulic conductivity (e.g. Poorter et al.,
2010; Zanne et al., 2010; Apgaua et al., 2017), according to the Hagen-
Poisselle law, which describes that conduit hydraulic conductivity is
proportional to its diameter raised to the fourth power. However, the
lessor-explored parenchyma cells are speculated to have an important
role in the restoration of hydraulic conductivity and in the blockage of
air propagation throughout vessels via tyloses (Sun et al., 2008;
Brodersen and McElrone, 2013; Carlquist, 2015, 2018; Morris et al.,
2016a, 2019; Plavcova et al., 2016; Jupa et al., 2016; Brodersen et al.,
2019). Currently, hydraulic conduction is not only understood as a
physical process, but also as a complex process involving the partici-
pation of living cells associated with vessels, such as parenchyma cells
(Morris et al., 2018).

There are two types of parenchyma in hardwood tissue: axial par-
enchyma, which is oriented vertically in the xylem, and radial par-
enchyma, which is oriented horizontally in the xylem (Carlquist, 2018).
Axial parenchyma can be subdivided into paratracheal parenchyma,
which are parenchyma cells positioned around a vessel, and apo-
tracheal parenchyma, which are parenchyma cells distributed diffusely
throughout the wood (Morris and Jansen, 2016). This classification has
been used in the identification of different taxonomic groups (Metcalfe
and Chalk, 1950) and is functionally important since these arrange-
ments are thought to have different associations (Morris and Jansen,
2016). As a general rule, research has shown that species with large
vessels have more paratracheal axial parenchyma, whereas species with
narrow vessels have more apotracheal parenchyma (Morris et al.,
2018). These kinds of axial parenchyma arrangements together with
vessel diameter describe distinct xylem patterns that are anatomically
and functionally integrated (Morris et al., 2018).

According to Violle et al. (2007), functional groups are groups of
species that not only share morphological, physiological, and pheno-
logical characteristics but also those that respond similarly to a given
environmental condition. We aimed to address how tropical trees re-
spond to the effects of forest edge in terms of their functional wood
anatomy. We intended to (1) delimit xylem arrangements and test two
hypotheses (2) that species with different xylem arrangements re-
present distinct functional groups that will respond differently to edge
effects, and (3) that parenchyma cells, because of their phenotypic
plasticity, will be a determining factor for these differences.
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2. Materials and methods
2.1. Study sites

The present study was conducted in Reserva Bioldgica do Tingua
(22°22720” — 22°45’00” S; 43°40’00” — 43°05’40” W), in the state of Rio
de Janeiro, Brazil (Fig. 1A-D). The reserve is crossed by the ORBEL 2 oil
pipeline, which creates linear canopy openings and promotes edge ef-
fects on local vegetation. Twelve permanent sites (300 m2 per site)
were installed in Reserva Biolégica do Tingua in 2003 and 2007
(Fig. 1E-F) and have been monitored over the past 10 years (Rodrigues
et al., 2008; Simoes de Jesus, 2009; Rodrigues et al., 2016). Five sites
are located 5 m from the oil pipeline, in an area under edge effects
(edge sites), while the other seven are located more than 400 m away,
in a control area (interior sites) (Rodrigues et al., 2008).

2.2. Selected species

Four species were selected in 2015 according to the importance
value (IV) for the interior sites (Simdes de Jesus, 2009); occurrence in
both areas (interior and edge); the presence of three individuals for
each species, both for interior and edge; and knowledge of the dis-
tribution of axial parenchyma for the taxonomic groups involved
(Metcalfe and Chalk, 1950). Two xylem arrangements were delimited
based on the distribution/location patterns of axial parenchyma re-
lative to vessels, Pseudopiptadenia inaequalis (Benth.) Rauschert (Faba-
ceae Lindl.) and Copaifera lucens Dwyer (Fabaceae Lindl.) possess pre-
dominantly axial paratracheal parenchyma (PP) (Fig. 2A), while
Eugenia excelsa O. Berg (Myrtaceae Juss.) and Erythroxylum cuspidifo-
lium Mart. (Erythroxylaceae Kunth.) possess predominantly apotracheal
parenchyma (AP) (Fig. 2B). Selected individuals had a diameter at
breast height (DBH) of at least 8 cm, and a straight stem and trunk
without apparent deformation. The DBH was measured, and the height
estimated (Table 1) for each individual tree. Since trees from interior
sites are taller than trees from edge sites, the effects of tree height on
wood anatomy (Olson and Rosell, 2013; Olson et al., 2014) were re-
duced by standardizing the height range of individuals collected be-
tween sites edge and interior sites (Table 1) with the average height of
8.4 m ( * 2.9) for E. cuspidifolium, 12 m ( = 4.8) for E. excelsa, 12.5 m
( £ 4.6) for P. inaequalis and 14.8 m ( = 6.5) for C. lucens. Twenty-nine
individuals met our selection criteria (Table 1), fourteen from interior
sites and fifteen from edge sites. Wood samples were collected from
these trees at breast height (ca. 1.30 m from the soil) using a Pressler
increment borer (Grissino-Mayer, 2003), which is a non-destructive
method of wood collection (Barros et al., 2001). The surplus of each of
the twenty-nine wood samples not used in this study approximately five
centimeters, was deposited in the wood collection of Universidade Es-
tadual do Norte Fluminense Darcy Ribeiro - Xiloteca Dra. Cecilia
Gongalves Costa (HUENFw), with replicates deposited in the wood
collection of Instituto de Pesquisas Jardim Botanico do Rio de Janeiro
(RBw) (Table 1).

2.3. Wood anatomy

The twenty-nine wood samples were immersed in Franklin solution
(Jane, 1956) to dissociate cell elements, and then stained with 1%
aqueous safranin and mounted with 50% glycerin on semi-permanent
slides (Strasburger, 1924) for the measurement of individual cells (fi-
bres and vessel elements). Histological sections were prepared by
boiling samples in a water-glycerin mix (1:1) for softening. Transversal,
tangencial and radial sections, with thicknesses ranging from 16 to
30 pum, were then made using a Leica sliding microtome (Burger and
Richter, 1991). The three histological sections obtained for the wood of
each individual tree were then clarified and stained with safranin and
astra blue (Bukatsch, 1972), dehydrated and mounted with synthetic
resin (Johansen, 1940; Sass, 1958). Images, taken with an Olympus
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Paratracheal axial
parenchyma (PP)

Apotracheal axial
parenchyma (AP)

Fig. 2. Functional groups based on axial parenchyma distribution. A — Group
with paratracheal parenchyma represented by transversal section of P. in-
aequalis (Bar = 100 um). B — Group with apotracheal parenchyma represented
by transversal section of E. excelsa (Bar = 50 um). V = vessel, F = fibre,
R = ray, PP = paratracheal parenchyma, AP = apotracheal parenchyma.

DP73 camera attached to an Olympus BX50 microscope, were analyzed
using the software Image Pro Plus v. 4.0 for Windows. All measure-
ments and descriptions for vessels, fibres, parenchyma and rays fol-
lowed the recommendations of the IAWA Committee (1989). Vessel
area was estimated with three points distributed throughout the vessels,
for a total of 25 measurements for each individual tree. Tissue per-
centages were measured with a grid of 100 random points for each one
of the 10 images of the transversal section of wood of each individual
tree. Measurements for both vessel area and tissue percentages were
performed using the software Image Pro Plus v. 4.0 for Windows.

2.4. Statistical analyses

Comparisons of tree wood anatomy between edge and interior sites
were performed using analysis of variance (ANOVA) followed by Tukey
tests (for all tests a = 0.05), for each quantitative variable. The phe-
notypic plasticity index (PPI) and the phenotypic variability index (PVI)
were calculated for the anatomical variables of each species in order to
evaluate the degree of plasticity and variability, respectively, of each
quantitative variable for the studied sites (Valladares et al., 2006;

Forest Ecology and Management 473 (2020) 118305

Gianoli and Valladares, 2012), using the following expressions:

PPI = % pvI = M&E=Min o here PPI is phenotypic plasticity index
and PVI is phenotypic variability index; M is maximum mean value; m is
minimum mean value; Max is the maximum value; Min is the minimum
value. PVI was calculated for edge and interior sites separately, and
then a total PVI was calculated for both together for the same variables.

Based on the anatomical values obtained, vulnerability (VI) and
mesomorphy (MI) indeces were calculated according to Carquist
(1977), using the following expressions:

VI = XD MI = VI
xVF XLVE

where VI denotes vulnerability index and MI denotes the mesomorphic
index; VD is diameter of vessels (um); VF is frequency of vessels (mm>?);
LVE is length of vessel elements (um). Mesomorphy index was calcu-
lated to determine the degree of mesomorphism or xeromorphism of the
species, with values above 200 indicating mesophytes (Carlquist,
1977). The vulnerability index indicates the degree of vulnerability of
the conducting tissue to embolism formation, therefore, values below
1.0 show greater safety under conditions of water stress (Carlquist,
1977).

Finally, a factorial ANOVA with three hierarchical levels (edge/in-
terior, species and individuals) was performed to investigate the re-
lationship between the selected species and the study sites and to un-
derstand general tendencies in the wood anatomy of these species. Prior
to the ANOVA, normality and homogeneity of variance were tested by
the Shapiro-Wilk test and the Levene test, respectively (Zar, 2010). All
statistical tests were performed with the statistical package R (R Core
Team, 2018) and the software Statistica 7 (StatSoft, 1993).

3. Results

Anatomical analysis of the wood of the studied species provided
other characteristics that make the delimitation of xylem arrangements
more robust. Thus, the xylem arrangement of the PP species was found
to have shorter and wider vessel elements and lower ray and vessel
frequencies (Fig. 3/ Fig. 4 A-D). The xylem arrangement of the AP
species is characterized by longer and narrower vessel elements and
higher ray and vessel frequencies (Fig. 3/ Fig. 4 A-D). A higher vul-
nerability index was found for PP species, P. inaequalis (8.8 and 4.9) and
C. lucens (19.4 and 16.6) from interior sites and edge sites, respectively,
when compared with AP species, E. excelsa (1.3 and 1.6) and E. cuspi-
difolium (0,6 and 0.9) from interior sites and edge sites respectively
(Table 2). The mesomorphy index was greater than 200 for all species
(Table 2). Complete anatomical descriptions are provided in the
Supplementary data.

Qualitative characters were important in the anatomical identity of
each species and in the delimitation of xylem arrangements (par-
enchyma type PP or AP), but they did not exhibit differences between
individuals from the edge and the interior (Fig. 3). However, some
quantitative characters exhibited differences between individuals from
these different sites. When individuals of edge sites were compared to
those of interior sites, all species possessed a higher percentage of axial
parenchyma cells (P < 0.05) for individuals from edge sites (26.95%
to 37.73%) than for individuals from interior sites (17.60% to 23.13%),
and a lower percentage of fibres at edge sites for most of the species
(Fig. 4 E-F; Fig. 5 A-B; Table 2).

The individuals of each xylem arrangement type differed between
edge and interior (P < 0.05). For PP species, individuals from the edge
had higher vessel frequencies (17 vessels/mm? and 7 vessels/mm?, for
P. inaequalis and C. lucens, respectively) than individuals from the in-
terior (14 vessels/mm? and 5 vessels/mm?, respectively; Fig. 5G;
Table 2). For AP species, individuals from the edge had lower vessel
frequencies (36 vessels/mm? and 66 vessels/mm?, for E. excelsa and E
cuspidifolium, respectively) than individuals from the interior (45 ves-
sels/mm? and 98 vessels/mm?, respectively; Fig. 5C; Table 2).
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Table 1
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Data on collected species, families, importance value (IV), number of individuals, collection site, diameter at breast height (DBH), estimated height (m), ecological

classification, life form and wood collection information (RBw and HENFw).

Family Species v Individuals  Sites Plots DBH (cm)  Heigth (m)  Ecological classification ~ Canopy structure ~ RBw HENFw
Fabaceae P. inaequalis 3,104 15 Interior  I1 20.7 16.2 Late secondary Canopy tree 10,409 289
489 Interior I8 11.6 16.2 Late secondary Canopy tree 10,410 213
636 Interior  I10 34 18 Late secondary Canopy tree 10,411 277
386 Edge 06 13.5 9 Late secondary Canopy tree 10,412 201
410 Edge 06 10 7.2 Late secondary Canopy tree 10,413 191
450 Edge o7 8.8 7 Late secondary Canopy tree 10,414 212
668 Edge 010 18.6 14.4 Late secondary Canopy tree 10,415 276
C. lucens 2,157 261 Interior IS5 11.7 19.8 Late secondary Canopy tree 10,416 311
286 Interior IS5 9 9 Late secondary Canopy tree 10,417 312
302 Interior IS 21.1 18 Late secondary Canopy tree 10,418 313
289 Edge 04 17.9 21.6 Late secondary Canopy tree 10,419 361
599 Edge 09 25.8 19.8 Late secondary Canopy tree 10,420 124
677 Edge 010 54.53 10.5 Late secondary Canopy tree 10,421 125
686 Edge 010 21.3 5 Late secondary Canopy tree 10,422 126
Myrtaceae E. excelsa 4,395 346 Interior 16 22.6 21.6 Late secondary Canopy tree 10,423 326
496 Interior I8 18.2 12.6 Late secondary Canopy tree 10,424 344
644 Interior 110 19.4 12.6 Late secondary Canopy tree 10,425 169
684 Interior 110 10.6 9 Late secondary Canopy tree 10,426 351
489 Edge o7 8.3 9 Late secondary Canopy tree 10,427 167
496 Edge o7 23 15 Late secondary Canopy tree 10,428 368
593 Edge 09 13.7 10.8 Late secondary Canopy tree 10,429 168
671 Edge 010 8.5 5.4 Late secondary Canopy tree 10,430 170
Erythroxylaceae  E. cuspidifolium 3,224 176 Interior 14 9.1 7.2 Initial secondary Understorye tree 10,431 304
361 Interior 16 11.1 14.4 Initial secondary Understorye tree 10,432 325
402 Interior 17 8.6 7.2 Initial secondary Understorye tree 10,433 335
468 Interior I8 8.7 9 Initial secondary Understorye tree 10,434 343
408 Edge 06 13 9 Initial secondary Understorye tree 10,435 129
433 Edge o7 8.08 5.4 Initial secondary Understorye tree 10,436 164
459 Edge o7 8.2 7 Initial secondary Understorye tree 10,437 165

The most plastic traits were percentage of axial parenchyma (0.17 to
0.39), percentage of fibres (0.21 to 0.32) and vessel frequency (0.19 to
0.32) (Fig. 6; Table 2). Furthermore, the percentage of fibres and axial
parenchyma had higher total PVI than the those calculated separately
for each site (Fig. 6; Table 2). Differences between total PVI and PVI
calculated separately for the edge and interior reflect the variability
that these anatomical characteristics possess when submitted to dif-
ferent environmental conditions. The variables of approximate vessel
area, vessel height, ray width, fibre lumen width and parenchyma series
height in number of cells had highest PVI values among individuals
from the same site (interior or edge), which influenced the total index,
indicating that variation in these variables is not related to edge effects
(Table 2).

The linear regression and Spearman correlation between PVI and
PPI of the analyzed species were not significant (P greater than 0.05), as
the anatomical traits varied differently (Table 2; Fig. 7). In summary,
the main results show that the xylem arrangements exhibited higher
parenchyma percentage in edge individuals and distinct trends for
vessel frequency, with it higher for PP individuals from the edge than
from the interior, while the inverse was true for AP species.

4. Discussion

The xylem arrangements proposed here (AP and PP) are consistent
with general arrangements based on axial parenchyma type and its
relation with vessels in woody angiosperms (Morris et al., 2018).
Therefore, our results confirm a close relationship between parenchyma
distribution and vessel diameter, constituting distinct xylem arrange-
ments that are found in several species of different taxonomic groups
(Morris et al., 2018). Although both xylem arrangements responded to
edge effects with an increase in the amount of axial parenchyma, they
differed in their response pattern for vessel frequency. This difference
suggests that these xylem arrangements can be considered functional
groups sensu Violle et al. (2007), since they are groups comprising
species that share similar traits and have similar strategies for

conduction and maintenance of water flow. Xylem is not simply a tissue
for water conduction by physical processes, but comprises distinct cell
types that function in an integrated matter for water conduction (Morris
et al., 2016b, 2018; Carlquist, 2015, 2018).

A general trend was observed in all the studied species: an increase
in the percentage of axial parenchyma and a decrease in the percentage
of fibres in individuals from edge sites. In tropical trees, parenchyma
cells are associated with water storage, especially for species that occur
in areas with high evaporation rates, as observed for Ceiba pentandra
(L.) Gaertn (Plavcova et al., 2016) from tropical forests and Stryphno-
dendron polyphyllum Mart. and Vochysia tucanorum Mart. from Cerrado
(Sonsin et al., 2012). The capacity to store water in parenchyma cells,
and its release in the transpiration stream, is an important mechanism
for maintaining hydraulic flow in xylem (Jupa et al., 2016). The results
show that an increase in the proportion of parenchyma is an efficient
survival mechanism for trees under edge effects. The greater percentage
of fibres in individuals from interior sites was expected due to the ne-
gative correlation between fibres and parenchymatic cells documented
in all biomes, but especially in tropical regions (Morris et al., 2016b).

According to Bastias et al. (2017), plants of highly diverse com-
munities can have functional similarities. This is possible because in-
traspecific variation in characteristics does not decrease with increasing
biodiversity, as proposed by classic niche theory (MacArthur and
Levins, 1967). In general, the phenotypic plasticity and variability in-
dexes of the wood traits analyzed here varied little in among species,
which can be understood because of neutral ecosystem processes
(Bastias et al., 2017). However, we found greater percentages of par-
enchyma in edge individuals and differences in vessel frequency be-
tween xylem arrangements.

All of the studied species are mesomorphic according to
Mesomorphy index (Carlquist, 1977). However, the Vulnerability index
shows that the relationship between vessel frequencies and vessel dia-
meters exhibited distinct tendencies according to the xylem arrange-
ments of the studied species. PP species possess wider and shorter
vessels that conduct larger volumes of water (Sperry et al., 2006), but
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Fig. 3. Transversal images of wood from individuals in the edge (A) and in the interior (B). Bar = 200 pum.
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Table 2

List of quantitative variables investigated in each species. For each variable, the minimum values (MIN), average (M), maximum (MAX), standard deviation (SD),
phenotypic plasticity index (PPI) and phenotypic variability index (PVI) in each site (edge and interior) are presented. The vulnerability, mesomorphy and total PVI
indices are also presented.

Species P. inaequalis

Sites Edge Interior Total PVI PPI
Quantitative variables PVI MIN M MAX SD PVI MIN M MAX SD

Vessel frequency (Vessels/mm?) 0.7 9.0 17.8 32.0 4.9 0.8 7.0 14.5 32.0 6.7 0.8 0.2
Length vessel (um) 0.7 176.7 393.7 666.4 88.9 0.7 176.7 384.9 649.0 97.0 0.7 0.0
Vessel tangential diameter (um) 0.5 60.0 84.7 116.5 12.4 0.6 60.0 99.9 137.6 18.6 0.6 0.2
Vessel radial diameter (um) 0.5 65.6 95.6 131.2 14.6 0.6 65.6 118.2 156.8 21.6 0.6 0.2
Estimated vessel area (um) 0.7 3379.0 6717.0 11917.9 1889.1 0.8 3379.0 9919.8 18141.2 3457.0 0.8 0.3
Vessel wall thickness (um) 0.6 2.0 3.0 4.7 0.5 0.6 1.9 3.2 4.8 0.6 0.6 0.1
Intervessel pit heigth (um) 0.3 4.1 4.7 5.7 0.4 0.4 2.9 4.2 5.0 0.6 0.5 0.1
Intervessel pit width (um) 0.2 4.9 5.3 6.2 0.5 0.4 3.3 4.4 5.9 0.8 0.5 0.2
Vessel-ray pit heigth (um) 0.3 3.8 4.6 5.8 0.5 0.4 2.6 3.5 4.1 0.4 0.6 0.2
Vessel-ray pit width (um) 0.3 3.6 4.3 5.2 0.4 0.2 3.6 4.0 4.6 0.3 0.3 0.1
Vessel-parenchyma pit heigth (um) 0.2 3.7 4.2 4.7 0.3 0.3 2.9 3.7 4.2 0.4 0.4 0.1
Vessel-parenchyma pit width (um) 0.4 4.1 5.2 6.8 0.8 0.3 3.6 4.1 4.9 0.3 0.5 0.2
Fibre diameter (um) 0.5 14.1 19.7 30.1 3.3 0.5 14.6 19.9 27.5 2.9 0.5 0.0
Fibre lumina (um) 0.8 5.3 12.0 25.0 3.7 0.5 8.3 11.5 18.0 2.3 0.8 0.0
Fibre length (um) 0.6 635.9 990.3 1520.3 194.1 0.6 680.6 1026.5 1520.3 167.3 0.6 0.0
Fibre wall thickness (um) 0.6 2.2 3.9 6.0 0.9 0.6 2.5 4.2 5.7 0.7 0.6 0.1
Parenchyma strand length (number of cells) 0.8 1.0 2.1 4.0 0.8 0.8 1.0 1.9 4.0 0.7 0.8 0.1
Parenchyma strand length (um) 0.7 220.5 454.9 647.5 90.2 0.6 253.9 487.2 696.8 99.4 0.7 0.1
Rays frequency (Rays/mm') 0.7 3.0 6.1 10.0 1.6 0.8 3.0 6.6 12.0 2.0 0.8 0.1
Ray heigth (um) 0.7 83.2 168.9 270.4 39.5 0.6 113.7 192.4 318.2 48.4 0.7 0.1
Ray width (um) 0.7 6.6 13.2 20.9 2.5 0.7 6.6 13.1 22.5 3.3 0.7 0.0
Vessels percentage (%) 0.2 11.2 12.6 13.7 1.3 0.5 11.3 16.4 23.1 6.1 0.5 0.2
Fibres percentage (%) 0.3 28.7 35.1 42.2 6.1 0.3 35.6 44.5 53.5 9.0 0.5 0.2
Rays percentage (%) 0.3 11.3 14.6 17.1 2.5 0.3 13.7 16.0 20.3 3.8 0.4 0.1
Axial parenchyma percentage (%) 0.2 32.8 37.7 42.3 4.5 0.2 21.0 23.1 26.9 3.3 0.5 0.4
Wood density (g/cm3) 0.1 0.6 0.6 0.7 0.0 0.2 0.6 0.6 0.7 0.1 0.2 0.0
Vulnerability index 4.9 8.8

Mesomorphy index 1937.4 3506.1

Species C. lucens

Sites Edge Interior Total PVI PPI
Quantitative variables PVI MIN M MAX SD PVI MIN M MAX SD

Vessel frequency (Vessels/mm?) 0.8 3.0 7.9 19.0 3.1 0.9 2.0 5.9 18.0 3.4 0.9 0.3
Length vessel (um) 0.8 111.6 360.9 634.5 99.1 0.6 236.1 418.6 601.7 89.7 0.8 0.1
Vessel tangential diameter (um) 0.7 54.4 126.7 192.4 32.2 0.7 47.6 112.3 186.0 29.3 0.8 0.1
Vessel radial diameter (um) 0.7 67.3 154.2 256.1 42.4 0.7 60.8 131.3 242.1 34.4 0.8 0.1
Estimated vessel area (um) 0.9 4070.5 16778.7 39962.9 8799.4 0.9 2902.6 12609.0 28727.7 6140.4 0.9 0.2
Vessel wall thickness (um) 0.7 2.7 5.4 9.3 1.2 0.6 2.5 4.6 7.0 1.0 0.7 0.2
Intervessel pit heigth (um) 0.3 5.3 6.7 7.9 0.6 0.3 4.5 5.4 6.8 0.8 0.4 0.2
Intervessel pit width (um) 0.3 6.0 7.3 8.1 0.5 0.5 4.5 6.5 9.3 1.7 0.5 0.1
Vessel-ray pit heigth (um) 0.4 4.4 5.5 6.8 0.6 0.4 3.9 5.3 6.8 0.9 0.4 0.0
Vessel-ray pit width (um) 0.3 5.0 6.0 7.1 0.6 0.5 4.0 5.9 7.9 1.4 0.5 0.0
Vessel-parenchyma pit heigth (um) 0.3 4.1 5.1 6.0 0.4 0.3 4.1 5.0 5.8 0.5 0.3 0.0
Vessel-parenchyma pit width (um) 0.3 5.9 7.0 8.6 0.7 0.6 4.1 6.6 9.3 1.4 0.6 0.1
Fibre diameter (um) 0.7 7.7 19.3 26.9 3.5 0.6 10.3 18.9 24.5 2.9 0.7 0.0
Fibre lumina (um) 0.8 3.3 10.8 20.0 4.1 0.9 2.1 8.8 17.3 3.7 0.9 0.2
Fibre length (um) 0.7 575.3 1130.6 1914.2 257.7 0.6 707.3 1183.0 1780.4 202.9 0.7 0.0
Fibre wall thickness (um) 0.7 2.0 4.3 7.5 1.3 0.6 3.0 5.0 7.8 1.2 0.7 0.2
Parenchyma strand length (number of cells) 0.8 1.0 3.0 6.0 1.0 0.8 1.0 2.7 4.0 0.8 0.8 0.1
Parenchyma strand length (um) 0.7 172.5 415.3 630.4 94.9 0.6 211.7 420.5 578.3 86.6 0.7 0.0
Rays frequency (Rays/mm’) 0.7 3.0 5.9 10.0 1.3 0.7 3.0 6.4 9.0 1.6 0.7 0.1
Ray heigth (um) 0.7 232.3 387.7 905.5 108.7 1.0 16.4 392.2 877.2 140.2 1.0 0.0
Ray width (um) 0.8 16.0 49.0 71.5 11.5 1.0 2.8 34.6 67.5 14.8 1.0 0.3
Vessels percentage (%) 0.5 8.5 12.3 16.2 3.7 0.5 4.3 7.1 9.1 2.5 0.7 0.4
Fibres percentage (%) 0.5 19.9 32.6 40.8 8.9 0.2 41.9 47.0 53.2 5.7 0.6 0.3
Rays percentage (%) 0.1 25.9 28.1 30.2 1.8 0.2 21.3 23.4 26.2 2.5 0.3 0.2
Axial parenchyma percentage (%) 0.4 21.2 27.0 37.2 7.3 0.1 21.2 22,5 24.1 1.5 0.4 0.2
Wood density (g/cm3) 0.2 0.7 0.8 0.9 0.1 0.1 0.8 0.8 0.9 0.0 0.2 0.0
Vulnerability index 16.6 19.4

Mesomorphy index 6141.3 8299.1

Species E. excelsa

(continued on next page)
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Table 2 (continued)
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Sites Edge Interior Total PVI PPI
Quantitative variables PVI MIN M MAX SD PVI MIN M MAX SD

Vessel frequency (Vessels/mm?) 0.6 22.0 36.1 56.0 8.1 0.6 28.0 45.5 70.0 12.5 0.7 0.2
Length vessel (um) 0.9 171.5 727.3 1288.6 216.8 0.7 439.3 820.7 1304.1 200.8 0.9 0.1
Vessel tangential diameter (um) 0.5 35.2 56.0 72.1 7.9 0.6 35.2 56.1 81.6 9.4 0.6 0.0
Vessel radial diameter (um) 0.6 40.0 69.0 96.0 10.8 0.5 48.0 69.8 99.4 12.3 0.6 0.0
Estimated vessel area (um) 0.9 886.5 3245.6 6080.6 872.8 0.7 1575.9 3383.4 6080.6 984.2 0.9 0.0
Vessel wall thickness (um) 0.5 2.0 2.9 4.2 0.5 0.6 1.7 2.8 4.0 0.4 0.6 0.0
Intervessel pit heigth (um) 0.3 3.4 4.1 4.8 0.4 0.5 2.9 3.8 5.3 0.8 0.5 0.1
Intervessel pit width (um) 0.5 2.8 4.1 5.5 0.8 0.4 2.8 3.8 4.3 0.4 0.5 0.1
Vessel-ray pit heigth (um) 0.4 2.1 2.8 3.3 0.4 0.4 2.4 3.2 4.2 0.6 0.5 0.1
Vessel-ray pit width (um) 0.3 2.4 2.9 3.7 0.3 0.4 2.8 3.3 4.4 0.4 0.4 0.1
Vessel-parenchyma pit heigth (um) 0.4 2.3 2.9 3.6 0.3 0.3 2.4 3.0 3.7 0.3 0.4 0.0
Vessel-parenchyma pit width (um) 0.4 2.0 2.9 3.4 0.4 0.3 2.6 3.1 3.7 0.3 0.5 0.1
Fibre diameter (um) 0.5 15.3 20.8 28.6 3.0 0.5 13.3 20.5 28.5 2.6 0.5 0.0
Fibre lumina (um) 0.8 2.4 6.2 12.1 2.0 0.8 2.6 5.2 11.0 1.4 0.8 0.2
Fibre length (um) 0.7 641.8 1345.0 1878.3 220.3 0.6 767.5 1371.7 1861.1 217.5 0.7 0.0
Fibre wall thickness (um) 0.6 4.1 7.3 10.3 1.3 0.6 4.4 7.6 10.3 1.2 0.6 0.0
Parenchyma strand length (number of cells) 0.8 2.0 6.6 13.0 2.2 0.8 2.0 5.5 9.0 1.6 0.8 0.2
Parenchyma strand length (um) 0.8 195.7 562.7 1036.5 152.6 0.8 145.3 481.5 800.7 154.0 0.9 0.1
Rays frequency (Rays/mm’) 0.7 5.0 10.9 17.0 2.5 0.7 7.0 13.5 21.0 3.3 0.8 0.2
Ray heigth (um) 0.8 139.3 380.1 836.7 138.5 0.8 195.2 426.3 910.0 147.6 0.8 0.1
Ray width (um) 0.7 12.8 23.4 38.4 4.6 0.7 8.0 19.7 29.0 4.4 0.8 0.2
Vessels percentage (%) 0.2 14.0 15.0 17.1 1.4 0.3 14.3 16.3 20.0 2.6 0.3 0.1
Fibres percentage (%) 0.4 15.9 21.0 25.4 4.3 0.1 28.1 31.0 33.0 2.4 0.5 0.3
Rays percentage (%) 0.2 31.5 35.5 38.0 3.1 0.1 32.0 35.1 36.7 2.1 0.2 0.0
Axial parenchyma percentage (%) 0.2 26.0 28.5 31.6 2.4 0.3 15.1 17.6 21.8 3.0 0.5 0.4
Wood density (g/cm3) 0.3 0.7 0.9 1.0 0.1 0.1 1.1 1.1 1.1 0.0 0.4 0.2
Vulnerability index 1.6 1.3

Mesomorphy index 1143.8 1048.8

Species E. cuspidifolium

Sites Edge Interior Total PVI PPI
Quantitative variables PVI MIN M MAX SD PVI MIN M MAX SD

Vessel frequency (Vessels/mm?) 0.6 41.0 66.7 107.0 20.0 0.6 65.0 98.3 157.0 25.9 0.7 0.3
Length vessel (um) 0.7 317.6 658.3 913.5 129.5 0.7 296.2 694.7 1071.8 165.7 0.7 0.1
Vessel tangential diameter (um) 0.6 27.2 52.3 75.3 11.6 0.5 32.0 50.6 67.2 7.2 0.6 0.0
Vessel radial diameter (um) 0.6 38.4 61.7 94.4 13.3 0.5 35.2 56.2 76.8 8.9 0.6 0.1
Estimated vessel area (um) 0.9 886.5 2614.7 6303.7 1208.2 0.7 1256.3 2441.0 4440.3 613.5 0.9 0.1
Vessel wall thickness (um) 0.6 1.4 2.5 3.5 0.4 0.6 1.6 2.6 3.7 0.5 0.6 0.0
Intervessel pit heigth (um) 0.3 3.3 4.1 4.8 0.4 0.3 3.7 4.5 5.5 0.4 0.4 0.1
Intervessel pit width (um) 0.3 3.8 4.6 5.4 0.5 0.3 4.4 5.2 6.3 0.5 0.4 0.1
Vessel-ray pit heigth (um) 0.6 3.9 6.9 10.5 2.0 0.7 3.2 5.9 10.4 1.9 0.7 0.1
Vessel-ray pit width (um) 0.6 5.9 10.1 14.3 2.9 0.6 7.3 12.9 20.6 4.4 0.7 0.2
Vessel-parenchyma pit heigth (um) 0.4 2.6 3.5 4.1 0.4 0.5 2.4 3.7 4.5 0.5 0.5 0.0
Vessel-parenchyma pit width (um) 0.3 31 3.7 4.4 0.3 0.5 2.9 4.1 5.7 0.6 0.5 0.1
Fibre diameter (um) 0.6 9.9 17.4 23.4 3.2 0.4 13.0 16.7 22.7 2.2 0.6 0.0
Fibre lumina (um) 0.8 1.3 3.5 7.8 1.3 0.9 1.7 5.2 12,5 1.8 0.9 0.3
Fibre length (um) 0.6 725.7 1199.0 1759.0 219.6 0.6 751.4 1300.4 1811.1 210.1 0.6 0.1
Fibre wall thickness (um) 0.6 3.7 6.9 9.0 1.3 0.6 3.5 5.8 8.5 1.0 0.6 0.2
Parenchyma strand length (number of cells) 0.9 1.0 4.4 12.0 1.9 0.8 2.0 4.7 9.0 1.7 0.9 0.1
Parenchyma strand length (um) 0.7 228.8 525.1 766.4 128.6 0.7 261.6 503.9 768.8 135.0 0.7 0.0
Rays frequency (Rays/mm’) 0.5 6.0 10.2 13.0 1.6 0.6 5.0 8.8 13.0 1.9 0.6 0.1
Ray heigth (um) 0.8 184.0 357.7 796.7 125.3 0.8 195.2 455.6 832.3 122.2 0.8 0.2
Ray width (um) 0.8 8.0 20.3 32.0 4.9 0.7 11.3 223 35.3 5.3 0.8 0.1
Vessels percentage (%) 0.3 20.0 24.6 30.3 5.2 0.4 33.7 45.3 60.3 11.0 0.7 0.5
Fibres percentage (%) 0.5 13.3 17.3 25.0 6.7 0.5 8.9 13.4 18.3 4.2 0.6 0.2
Rays percentage (%) 0.3 27.0 30.9 36.1 4.7 0.4 20.5 27.4 33.9 6.6 0.4 0.1
Axial parenchyma percentage (%) 0.1 26.4 27.2 28.0 0.8 0.8 8.3 18.7 36.4 12.3 0.8 0.3
Wood density (g/cm3) 0.1 0.8 0.9 0.9 0.1 0.2 0.6 0.7 0.8 0.1 0.3 0.2
Vulnerability index 0.9 0.6

Mesomorphy index 583.2 387.9

are considered more vulnerable to embolism (Carlquist, 1977). There-
fore, these species invest in greater vessel frequency when in stressful
conditions, as also reported for other tree species (e.g., Drew and
Pammenter, 2006; Pfautsch et al., 2016), since the negative effects of
drought stress on xylem functionality are reduced with increased vessel
frequency (Knipfer et al., 2015). On the other hand, AP species showed
lower vessel frequency at edges and have vessel elements with lower
vulnerability indexes compared to PP species. Therefore, these vessel

elemewnts conduct less water, but in a more secure way (Hacke et al.,
2006). In addition, AP species have a higher frequency of rays, which
are cells involved in the maintenance of water flow (Morris et al.,
2016b). This higher frequency of rays in AP species, combined with an
increased percentage of apotracheal parenchyma in edge individuals,
makes contact between parenchyma cells and vessel elements possible,
since apotracheal parenchyma is arranged in networks that contacts
vessel elements in some wood regions (Morris and Jansen, 2016).
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Fig. 5. Factorial ANOVA was performed to investigate the relationship between
the selected species and the study areas and to understand general tendencies in
the wood anatomy of these species. A — General tendencies in the percentage of
axial parenchyma. B — General tendencies in fibre percentage. C — General
tendencies in vessel frequency. Degrees of freedom and F and p values are
provided for each graph. Vertical bars denote 95% confidence intervals.

Interior

Contact of one or a few parenchyma cells is sufficient for the re-
establishment of water flow, since they can also act locally (Carlquist,
2015). The reduction of vessel frequency in individuals from forest
edges shows that AP species under stressful conditions do not invest in
more tracheary cells, but only in the parenchyma, which probably en-
sures the reversal of embolisms due to the role of parenchymatic cells
(see Spicer, 2014).

Poorter et al. (2010) presented two orthogonal axes of variation in
wood attributes: a primary axis related to the number and size of ves-
sels, reflecting conductance in relation to hydraulic safety, and a sec-
ondary axis related to investment in the development of different tis-
sues, which requires further investigation. PP species follow the first
axis suggested by Poorter et al. (2010), while AP species invest in the
formation of axial parenchyma and rays. These results suggest the ex-
istence of two functional groups based on the strategy for adjusting the
xylem arrangement according to environmental changes, such as
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Fig. 6. Phenotypic variability index (PVI) for edge (white) and interior (light
grey), total PVI (black) and phenotypic plasticity index (PPI) (dark grey). The
indexzes are provided for vessel frequency, fibre percentage and axial par-
enchyma percentage in P. inaequalis (A), C. lucens (B), E. excelsa (C) and E.
cuspidifolium (D).

species in areas under edge effects. The anatomical adjustments to the
xylem arrangement found for the two functional groups, indicate that
xylem networks are not simply a set of empty dead cells, but a living
and dynamic tissue able to respond to environmental variation caused
by edge effects.

Tree species in different stressful environmental conditions invest in
parenchymatic tissues (e.g., Vasconcellos et al., 2017; Secchi et al.,
2016). Thus, the versatility of parenchyma cells needs more attention in
a scenario of global climate change. Our results open an additional
question about the future of tropical forests: can tropical tree species
with more parenchymatic tissues or tropical tree species with higher
phenotypic plasticity of this attribute (parenchyma) have better fitness
in the face of global climate change?
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Fig. 7. Scatter plots, linear regression, and Spearman correlation statistics for
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(numbers) are listed in Table 2.
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5. Conclusion

Our research has shed light on the influence that effects of forest
edge have on wood functional anatomy. Tropical tree species shift to a
greater abundance of axial parenchyma when subjected to effects of the
forest edge. Our results corroborate that tree species in different
stressful environmental conditions invest in parenchymatic tissues,
probably because of the versatility of parenchyma cells. The distribu-
tion of axial parenchyma and its relationship to other different cell
types of wood show two xylem arrangements that respond to edge ef-
fects with distinct trends in vessel frequency. In this way, hydraulic
conduction in wood should not be understood as an entirely physical
process occurring in vessel elements, but as a complex, integrated
process operating among distinct cell types of wood. This complex
cellular network composes unique xylem arrangements that need
greater attention from functional, ecological, physiological, and evo-
lutionary point of view.
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