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Abstract
Riparian forests are known to be critical environments for biodiversity maintenance. The leaf anatomy of Sapium
glandulosum (L.) Morong., Bauhinia aculeata L., Inga vera Willd., Pithecellobium dulce (Roxb.) Benth., Guazuma
ulmifolia Lam. and Cecropia peltata L., growing along an altitudinal gradient (682–800 – 1030 m a.s.l.) on the high
basin of the Tocuyo river were studied, in order to evaluate the possible foliar phenotypic plasticity that makes possible
their adaptation at this altitudinal range. Leaf blade samples were collected from adult trees growing at two different
altitude; these samples were fixed in FAA and processed using classical techniques in optical microscopy. The leaf
histology was similar at both altitudes for all taxa, but differences were detected between them on quantitative anatomic
characteristics, which varied depending on the species. The features with higher plasticity were: adaxial stomatal density
(amphistomatic leaves), trichome density, palisade parenchyma thickness and leaf thickness. I. vera seems to be the
taxon in which lower plasticity in the blade’s anatomical characters was evident, while G. ulmifolia was the species with
the highest phenotypic plasticity in the altitudinal gradient, showing more heliomorphic characteristics as altitude
increased, which confers it adaptive advantages to this species for colonizing riparian forest ecosystems.
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Introduction

Riparian forests are ecosystems located at riverbanks, normal-
ly over river banks and levees. These environments are asso-
ciated with macro-thermal weather, precipitation regime that
may be humid, seasonal or dry, where a high biodiversity is

kept, creating ecological corridors with landscape connectivi-
ty along the extensive environmental gradients, thus they rep-
resent a very important habitat for the preservation of rare and
threatened species (Berthelot et al. 2015). Vegetation from
those forests is integrated by several floristic and physiognom-
ic associations that are clustered in successional categories
according to their morphological, physiological, anatomical
and reproductive adaptations (Dimopoulos and Zogaris
2008). The variability of plant formations that grow in river
forests largely depends on substrate characteristics and hydric
availability; a factor that influences their establishment is their
sensibility to quickly changes through time, either in a natural
way by environmental conditions or by anthropic interven-
tion; the latter has increased during previous years, resulting
in the disappearance of vegetation strips that have been unable
to naturally regenerate due to a high pace of erosion
(Dimopoulos and Zogaris 2008).

The Tocuyo river basin is the main slope in the Venezuelan
Caribbean and is distributed among Lara, Falcon and Trujillo
states. This basin is considered a protected area located among
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mountain landscapes and small valleys (López and Andressen
1996). The growing anthropogenic activity in the river bank
puts local ecosystems at risk, mainly due to the conversion of
natural areas into agricultural lands, causing a progressive
reduction of the forested surfaces and the richness of riverine
species (García Yépez and Rodríguez Rojas 2010). According
to Alvarado-Álvarez (2010), the biodiversity of the Tocuyo
river basin has not been deeply studied, therefore there is not
enough information about the adaptive strategies of species
that are distributed throughout the altitude gradient of this
basin.

The leaf is an extremely adaptable organ and its morphology
and anatomy are intimately linked to the environment in which
the plant develops (Solereder 1908; Metcalfe and Chalk 1950;
Kröber 2015). Plants frequently respond to altitude gradients
with anatomical adaptations more so than with morphological
ones, however, this depends on the taxa (Jiménez-Noriega et al.
2017). Studies related to the effect of the altitudinal gradient on
foliar anatomy of riparian forests species are scarce, despite of
the importance of this type of information to understand the
adaptive strategies of species from these ecosystems (Akinlabi
et al. 2014). Xeromorphic traits have been reported in sun
leaves of trees and bushes that grow in riparian environments,
which are mainly associated to drought avoidance mechanisms
such as hairy surface, thick cuticule, presence of wax or other
reflective material on the leaf surface, increased size of leaf
veins (Walters et al. 1980) and smaller and more dense stomata
(Walters et al. 1980; Pearce et al. 2005).

The aims of this investigation were to study the foliar anat-
omy of six arboreal eudicotyledonous species that grow along
an altitudinal gradient (682–800 – 1030 m a.s.l.) in the high
basin of the Tocuyo river, in order to contribute with the
existing knowledge regarding its leaf anatomy and to
evaluate the possible foliar phenotypic plasticity that allows
its adaptation throughout this altitude gradient. Selected
species belong to a vegetal association named after Inga
vera and Sapium glandulosum, which was proposed by
Alvarado (2009) as new for science being named “Sapio
glandulosi-Ingetum verae”, typical of riparian environments,
which belongs to a phytosociological class of vegetation that
has already been described by Borhidi (1996) for Cuba island,

where it is called “Guazumo-Ceibetea pentandrae Borhidi”
and whose distribution is circunscribed to the low lands of
Central America and the Caribbean.

Materials and methods

Study area

The study area is located in the Tocuyo river high basin and
comprise three sectors situated in the Moran municipality
from the Lara state – Venezuela. In each sector, temperature
and relative humidity data were registered, using a HANNA
Instruments thermohygrometer, model H18564; the luminous
intensity was measured as well with an ACCUPAR radiome-
ter, model LP-80; the average values of these variables are
shown in the Table 1. Likewise, in each sector a soil sample
was collected for texture, pH and electric conductivity (EC)
analysis. The soil texture is franc-sandy in the three sectors;
the pH resulted slightly alkaline at 682 m a.s.l. and moderately
acid at 800 m a.s.l. and 1030 m a.s.l. and the EC was similar
and lower than 1 dS.m−1 in the three sampling sites.

Sampling

The sampling was performed onMay 2014. This was made on
six arboreal eudicotyledonous species, but all were not found
at the three sectors, thus the foliar material of each one was
collected at two different altitudes: Bauhinia aculeata
(Fabaceae), Cecropia peltata (Cecropiaceae), Guazuma
ulmifol ia (Malvaceae ) and Sapium glandulosum
(Euphorbiaceae) were collected at 682 and 1030 m and Inga
vera (Fabaceae) and Phitecellobium dulce (Fabaceae) were
sampled at 800 m a.s.l. and 1030 m a.s.l. The samples were
submitted to the UCOB herbarium. In each species, three adult
trees belonging to the upper strata or canopy were randomly
selected and in each one of them, six mature leaves located at
the fifth node (counting from the apex down to the base) from
exposed branches located on the upper strata were sampled. In
each specimen a portion of approximately 1 cm2 was taken at
the middle third of the blade in the four species with simple

Table 1 Altitude, geographic location and average values for some climatic variables in three sectors of the high basin of the Tocuyo river (Lara -
Venezuela)

Climatic variables

Location Altitude (m a.s.l.) Coordinates GPS Radiation (mol.m−2.s−1) Relative humidity (%) Temperature (°C)

Los Patios 682 09°41′51.6” Lat. N
69°51′8.8″ Long. O

1408 58 31

La Esperanza 800 09°40′12” Lat. N 69°55′51.5″ Long. O 1924 60 30

La Palomera 1030 09°35′53.6” Lat. N 69°58′57.4″ Long. O 2265 60 29
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leaves; in the case of I. vera and P. dulce the samples were
taken in leaflets of the central portion of the leaf.

Processing and characterization of leaf material

The leaf samples were washed with water and fixed in
FAA (formaldehyde-acetic acid-ethanol 70 %) until their
processing. Afterwards the material was dehydrated in a
tertiary butyl alcohol ascendant battery and it was then
included in paraffin in order to do transversal sections of
12 – 18 μm using a Leica rotating microtome. Progressive
double staining was made with safranin-fast green and
then the sections were mounted on Canadian balsam
(Johansen 1940). Additionally, transversal sections were
manually made in order to perform histochemistry tests to
detect starch and tannins, following the protocols pro-
posed by Johansen (1940). For the epidermis study partial
macerates were made with commercial sodium hypochlo-
rite; then the obtained portions were stained with aqueous
blue toluidine and mounted in a water-glycerin solution.

The microscopic preparations were observed under a
Nikon E-200 optical microscope and digital images were tak-
en with an Evolution LC Color camera attached to the micro-
scope. Likewise, with the help of a micrometric ocular the
following measurements were taken: adaxial and abaxial epi-
dermis and hypodermis (if present) thickness, palisade paren-
chyma and spongy parenchyma thickness (with both values,
palisade parenchyma/spongy parenchyma radio was calculat-
ed) and blade thickness; stomatal and trichomes were also
counted in order to determine the density of these structures.
Thirty measurements were made for each variable at distinct
and randomly selected microscopic preparations. The pheno-
typic plasticity index (IPF) for each variable was also calcu-
lated as the difference between the maximum and minimum
mean values divided by the maximummean value (Valladares
et al. 2006) between the two altitudes for the common vari-
ables of the six taxa (epidermis thickness, palisade and spongy
parenchyma thickness, blade thickness and stomata density in
abaxial epidermis).

Statistical analysis

The quantitative anatomical variables were submitted to a var-
iance analysis comparing between the two altitudinal levels in
which each species was collected. In the cases in which sig-
nificative statistical differences were detected between loca-
tions along the altitudinal gradient, a mean comparison was
made by a Tukey test (at 5 % significance level). The used
software was InfoStat (Di Rienzo et al. 2014). For the graphics
elaboration, the SIGMAPLOT version 12.5 program was
used.

Results and discussion

Anatomical characterization of the leaf blade

All studied species have an adaxial and abaxial single-layered
epidermis; on frontal view, the typical epidermal cells of the
adaxial epidermis have a very wavy outline in B. aculeata
(Fig. 1A, B), wavy outline in P. dulce (Fig. 1G) and
S. glandulosum (Fig. 1H), a straight to slightly wavy outline
in C. peltata (Fig. 1C) and I. vera (Fig. 1F), and a straight
outline in G. ulmifolia (Fig. 1E). The abaxial epidermis cells
exhibited a wavy outline in all the taxa but the undulation
degree varied depending on the species (Fig. 2); this type of
outline is the most common in the abaxial surface of the blade
(Roth 1984). In the cross section of the blade the cells are
tabular to slightly elliptical shaped in all the taxa (Fig. 3).
Regarding these characteristics no differences were observed
between the taxa for the two altitudes.

With regard to the stomata no difference was observed
between the two altitudes. The leaf is hypostomatic in
G. ulmifolia and I. vera and amphistomatic in the remaining
species; however, inP. dulce the stomata of the adaxial surface
are located mainly in the vicinity of the ribs. Amphistomatous
leaves are most commonly found in plants that develop in
environments with high luminosity (Haberlandt 1914;
Metcalfe and Chalk 1983), however, stomata location on the
blade is also a genetic feature (Metcalfe and Chalk 1950). The
stomata type is anomocytic in B. aculeata and C. peltata,
while in P. dulce, I. vera, S. glandulosum and G. ulmifolia,
both the anomocytic and paracytic types were observed.
These stomata types have been reported by Metcalfe and
Chalk (1983) in C. peltata, G. ulmifolia and I. vera. In
P. dulce, Jáuregui (2012) found only anomocytic stomata
and Garcia and Torrecilla (1999) reported paracytic ones,
however in this study, both types of stomata were found in
this species. In S. glandulosumAndrade et al. (2017) observed
only paracytic stomata, however we observed anomocytic
stomata also in this species. In B. aculeata, the observed sto-
mata type matches the one reported by Albert and Sharma
(2013) in Bauhinia racemosa Lam. The stomata types and
their location on the blade of each species were the same for
both altitudes.

In all the taxa the blade is pubescent, except in
S. glandulosum; nevertheless in each species a particular com-
bination of trichomes was observed, as well as differences in
their location, which confirms the diagnostical importance of
this character in the taxonomic delimitation of dicotyledons
(Metcalfe and Chalk 1983). In B. aculeata, tector trichomes
were observed on the abaxial epidermis (Fig. 2A), which co-
incides with what was reported by Duarte-Almeida et al.
(2015) in this species. In C. peltata, unicellular tector sting
shaped trichomes and glandular trichomes with unicellular
pedicel and pluricellular head (Fig. 1D) were observed in both
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surfaces, while on the abaxial surface there is an intrincated
net of very elongated filiform unicellular hairs (Fig. 2B), the

latter type was also reported by Gonçalves-Souza and Paiva
(2016) in young leaves of Cecropia pachystachya Trécul. In
G. ulmifolia, stellate multicellular trichomes were observed in
the abaxial surface and glandular trichomes with bicellular
pedicel and multicellular head on both surfaces (Fig. 2C);
these trichomes were also observed by Scalon et al. (2011)
in G. ulmifolia seedling leaves. Regarding I. vera, unicellular
tector trichomes with acute apex were found in both surfaces
(Fig. 2E) and glandular trichomes with bicellular pedicel and
multicellular head were observed on the abaxial surface (Fig.
2D); the first trichome type has also been reported in leaves of
I. vera from rainforest, assigning them an important function
in the protection against herbivory (Coley et al. 2018); regard-
ing glandular trichomes, their morphology is very similar to
the one found by Arambarri et al. (2006) in the species Inga
verna Wild. subsp. affinis (D.C.) T.D. Penn. In P. dulce, uni-
cellular papillae were observed on the abaxial surface (Fig.
2F) and acute apex unicellular hairs, in both surfaces, which
correspond with the trichomes reported by Garcia and
Torrecilla (1999) for this species. No difference was found
between specimens of the two altitudes for trichome types.

In C. peltata and G. ulmifolia, a hypodermis constituted by
one to two layers of cells was observed below the adaxial
epidermis (Fig. 3B-E). In the second species this layer is
interrupted in some areas by secretory cavities. Gámez (2013)
and Patil and Biradar (2013) studied the foliar anatomy of
G. ulmifolia, but they did not mention this tissue, while
Barajas et al. (2014) reported a hypodermis similar to the one
observed in this study in this species. Regarding C. peltata its
foliar anatomy has been very little documented; however, the
existence of a hypodermis as characteristic of diagnostic value
in this genus was reported by Solereder (1908).

All taxa have dorsiventral mesophyll, except P. dulce
where it is equifacial (Fig. 3). The palisade and spongy paren-
chyma strata number was particular and constant at both alti-
tudes in B. aculeata, P. dulce, I. vera, and S. glandulosum.
P. dulce exhibited a palisade parenchyma layer in each face of
the blade, with longer cells on the adaxial side, and three to
five layers of spongy pareynchma between them. B. aculeata
had three layers of palisade parenchyma and three layers of
spongy parenchyma, and I. vera had two layers of palisade
parenchyma and three to five layers of spongy parenchyma
with many intercellular spaces. S. glandulosum exhibited a
palisade parenchyma layer and seven to eight spongy paren-
chyma layers. C. peltata and G. ulmifolia were the only taxa
whose number of parenchyma layers varied at both altitudes;
the first species showed a simple layer of palisade parenchyma
at 682 m a.s.l. and two to three layers at 1030 m, while the
second species had two strata at 682 m a.s.l. and three at
1030 m; regarding the spongy parenchyma, in C. peltata six
to eight layers were observed at both altitudes, while
G. ulmifolia exhibited two to four layers at 682 m a.s.l. and
seven to eight layers at 1030 m a.s.l. This behavior reflects

Fig. 1 Surface view of the adaxial epidermis in six dicotyledonous
species growing along an altitudinal gradient on the high basin of the
Tocuyo river. A-B B. aculeata at 682 m a.s.l. (A), detail indicating with
arrow prismatic crystals (cr) in the rib (B). C-D C. peltata at 682 m a.s.l.,
note glandular trichomes (tg). E G. ulmifolia at 682 m a.s.l. F I. vera at
800 m a.s.l. G P. dulce at 1030 m a.s.l. H S. glandulosum at 682 m a.s.l.
(Bars A-H = 30 μm)
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plasticity in mesophyll structural characteristics of both spe-
cies, which is more accentuated in G. ulmifolia. Considering
that among the measured climatic variables radiation was the
only that differed at both altitudes, with a higher value at
1030 m a.s.l., it could be inferred that this factor influenced
the increasing number of layers of mesophyll’s parenchyma
layers in these taxa, a behavior that has already been observed
in leaves from species that grow under high solar radiation
environments (Shields 1950; Metcalfe and Chalk 1979;
Kröber et al. 2015; Gotoh et al. 2018). Regarding the palisade
parenchyma, it has been shown that this tissue can facilitate
the penetration of light into deeper mesophyll layers (Eames
and Mac Daniels 1925; Xiao et al. 2016). Respect spongy

parenchyma, it has been pointed out that a higher development
of this tissue may favor the CO2 sheltering capability in the
mesophyll, which could reduce of the aperture time of the
stomata, thus reducing water loss (Ciccarelli et al. 2009).

The vascular system is composed by closed collateral vas-
cular bundles in each species. In B. aculeata (Fig. 3A),
C. peltata (Fig. 3B, C), G. ulmifolia and S. glandulosum, the
largest bundles were surrounded by a parenchyma sheath and
they often have extensions to both epidermis. I. vera had only
a few bundles surrounded by a sclerenchyma sheath, and in
P. dulce the vascular bundles had sclerenchyma caps towards
the phloem and xylem. In S. glandulosum starch grains were
detected in the cells of the parenchyma sheath.

Fig. 2 Surface view of the abaxial
epidermis in six dicotyledonous
species growing along an
altitudinal gradient on the high
basin of the Tocuyo river. A
B. aculeata at 1030 m a.s.l. B
C. peltata at 1030 m a.s.l. C
G. ulmifolia at 682 m a.s.l. D-E
I. vera at 1030 m a.s.l., notate
different types of trichomes on the
leaf surface. F P. dulce at
1030 m a.s.l. G S. glandulosum at
682 m a.s.l. est.: stoma; p: papil-
lae; te: stellate trichome; tf: fili-
form trichome; tg: glandular tri-
chome; tt: tector trichome. (Bars
A-H = 30 μm)
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Crystalswere observed in all the studied species,mainly in the
chlorenchyma, but also in some hypodermic cells in C. peltata
and in the parenchyma cells of the vascular bundles in
B. aculeata (Fig. 1B, 3A) and G. ulmifolia. The type of crystals
did not vary between the specimens from both altitudes; these are
prismatic in B. aculeata, G. ulmifolia, I. vera and P. dulce, druse
inC. peltata and S. glandulosum, while in B. aculeata both types
were evident. The crystal presence and their types are considered
to be of diagnostic value (Metcalfe and Chalk 1983). From a
functional point of view, the crystals play an important role in
the calcium metabolism maintenance, but can also constitute a

defense mechanism or a response to stressful conditions
(Jáuregui-Zuñiga and Moreno 2004).

Tannins were detected in foliar tissue from several of the
studied species; they clustered in the epidermis in P. dulce
(Fig. 3G), I. vera (Fig. 3F) and in some cells of the hypodermis
in C. peltata (Fig. 3B). In P. dulce Vanitha and Manikandan
(2016), also found tannins through phytochemical analysis in
aqueous extracts of leaves. It has been pointed out that when
these compounds accumulate in the epidermis they may in-
crease ultraviolet light absorption, therefore avoiding its pene-
tration to the internal tissues (Stephanou and Manetas 1997).

Fig. 3 View of the leaf blade
cross section in six
dicotyledonous species growing
along an altitudinal gradient on
the high basin of the Tocuyo river.
A B. aculeata at 1030 m a.s.l.,
note crystal in the extension of the
vascular bundle. B-C C. peltata at
682 m a.s.l. and 1030 m a.s.l., re-
spectively. D-E G. ulmifolia at
682 and 1030 m a.s.l., respec-
tively. F I. vera at 800 m a.s.l. G
P. dulce at 682 m a.s.l. H
S. glandulosum at 682 m a.s.l. cr:
crystal; h: hypodermis. (Bars A-
G = 30 μm, H = 100 μm)
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Variation in quantitative anatomical characteristics
along the altitudinal gradient

Regarding the adaxial epidermis thickness, P. dulce was the
only species in which this value was significantly higher as
altitude increased, while for I. vera the opposite behavior was
observed; in the remaining species there was no statistically

significant difference for this variable (Fig. 4A). Regarding
the abaxial epidermis, in C. peltata andG. ulmifolia this tissue
had a significantly greater thickness at higher altitudes, while
for I. vera the opposite behavior was observed; in the other
three species there was no statistically significant difference at
both altitudes (Fig. 4B). The increase in epidermis thickness at
higher altitude has been associated with a high exposition to

Fig. 4 Average values of adaxial (A) and abaxial (B) epidermis thickness,
palisade (C) and spongy parenchyma (D) thickness, palisade/spongy pa-
renchyma ratio (E) and leaf thickness (F) in six dicotyledonous species
growing along an altitudinal gradient on the high basin of the Tocuyo

river. Equal lowercase letters above the bars do not differ from each other
by the Tukey test at 5 % error probability. Vertical bars represent the value
of the standard deviation
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light intensity (Eames and MacDaniels 1925), which consti-
tutes an advantage since a thick epidermis protects the meso-
phyll tissues from ultraviolet radiation (Caldwell 1971;
Beloved 2012); however, Jiménez-Noriega et al. (2015) did
not find an increase in the thickness of this tissue in the Ribes
ciliatum Roemes & Schultes specimens growing at an altitu-
dinal gradient in the Tlálo Hill, Sierra Nevada.

In C. peltata, the average thickness of hypodermis was
18.2 μm at 682 m a.s.l. and 15.2 μm at 1030 m a.s.l. (with
no significant difference between both values), while in
G. ulmifolia it was 16.7 μm at the first altitude and 28.4 μm
at the second one, resulting in a significant statistical increase
(p < 0.05). This tissue has already been described for in
G. ulmifolia by Barajas et al. (2014), but there is no available
information in existing literature regarding its behavior in re-
sponse to the altitudinal gradient in riparian forests. The incre-
ment in the thickness of the hypodermis with altitude is prob-
ably a way to protect the foliar tissue against radiation in-
crease, since this tissue is associated with the capability of
storing water, and also with internal tissues, protection against
heating and microorganisms attack (Eames and Mac Daniels
1925; Torres-Boeger et al. 2010).

The thickness of the palisade parenchyma significantly in-
crease with altitude in all taxa, except in S. glandulosum and
I. vera, but the magnitude of this increase was considerably
higher in G. ulmifolia (Fig. 4C). Regarding the thickness of
spongy parenchyma, it only significantly increased with alti-
tude in G. ulmifolia while the opposite was observed in
S. glandulosum; in the remaining taxa this variable was similar
at both altitudes (Fig. 4D). The ratio palisade parenchyma/
spongy parenchyma ratio decreased in G. ulmifolia, which
indicates that in this taxon, the proportion of spongy paren-
chyma increased more than palisade parenchyma at higher
altitude; in P. dulce, the inverse was observed, and in the
remaining species this ratio kept a similar value at both alti-
tudes (Fig. 4E). The increase in the development of palisade
parenchyma observed in four of the studied taxa may be
linked to an increase in luminous intensity with altitude, as it
has been pointed out that this tissue is very sensitive to chang-
es in this climatic variable due to its important role in captur-
ing light (Eames and Mac Daniels 1925; Shields 1950;
Metcalfe and Chalk 1983).

The total thickness of the lamina significantly increased
with altitude only in G. ulmifolia and B. aculeata, but the
magnitude of this increase was remarkably higher in the for-
mer, where this increase was produced with the contribution
of all tissues, except the adaxial epidermis, while in the second
species this was due basically to an increase in the proportion
of palisade parenchyma. In S. glandulosum and I. vera the
thickness of the lamina significantly reduced and in the re-
maining species there were no differences in this variable at
both altitudes (Fig. 4F). The increase in leaf thickness in plants
that grow at a higher altitude and under conditions of higher

radiation conditions has been widely supported since the time
of first plant anatomists (Eames and Mac Daniels 1925;
Shields 1950; Roth 1984) and also in more recent studies
(Gratani 2014; Vieira et al. 2014; Gotoh et al. 2018), however,
this behavior was only observed in two of the studied taxa,
which shows that the species have different responses to
changing environment factors (Solereder 1908; Metcalfe and
Chalk 1983; Akinlabi et al. 2014). Leaf anatomy suggests that
foliage is primarily adapted for photosynthesis rather than for
control of transpirational water loss, as it was described by
Hlwatika and Bhat (2002) in tree species growing in an un-
disturbed forest and the adjoining fynbos (Africa).

In all species with amphistomatic leaves, the stomata den-
sity in the adaxial epidermis significantly increased with alti-
tude (Fig. 5A); while in the abaxial epidermis this behavior
was only observed in C. peltata, S. glandulosum and I. vera;
in the remaining species this characteristic was similar at both
altitudes (Fig. 5B). The increase in stomata number per area
unit as altitude increases has been associated with solar radi-
ation increase (Arambarri et al. 2012; Jiménez-Noriega et al.
2015), since it allows a more effective gas exchange in periods
when water availability favors the opening of the stomata
(Hanson 1917; Eames and Mac Daniels 1925; Valerio et al.
2013). Similar to what was observed in this study, Pearce et al.
(2005) found that the stomata frequency in riparian species
varied more in the adaxial epidermis than in the abaxial one.
Akinlabi et al. (2014) found that on Chromolaena odorata
(L.) King & Robinson, stomata density decreased with alti-
tude, attributing this to the increase of atmospheric carbon
dioxide. These opposed responses should be analyzed in de-
tail, considering the magnitudes of environmental variables
which might be the responsible ones.

Regarding trichomes density, on the adaxial epidermis it de-
creased with altitude in G. ulmifolia and C. peltata and kept a
similar value in I. vera and P. dulce (Fig. 5C), while in the
abaxial epidermis, the trichomes frequency decreased at a higher
altitude in G. ulmifolia and P. dulce and kept a similar value in
the remaining species (Fig. 5D). In P. dulce the papillae number
mm−2 was 563 at 800 m a.s.l. and 1032 at 1030 m a.s.l., which
indicates that this species doubled its papillae density at higher
altitude; this behavior follows the results of Garcia and Lapp
(2001) in P. unguis-cati (L.) Bentham; it is assumed that this
response is associated to stomata protection in order to avoid
excessive water loss as the environment gets dryer. It has been
indicated that the increase of trichomes density at higher altitude
is an important strategy to protect foliar tissues against intense
radiation and the action of the wind, as well as contributing with
light reflection, which prevents leaf overheating and excessive
transpiration, however an opposite trend has also been reported
by Filella and Peñuelas (1999), who found that in Quercus ilex
L., trichome density in leaves was higher at lower altitude.

The IPF values for the quantitative anatomical characteris-
tics that were common among the six species are shown in
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Table 2, where we can observe that the highest IPF value
corresponds to G. ulmifolia, while in the five remaining spe-
cies the IPF was low, which indicates that this taxon was the
one that exhibited higher phenotypical plasticity in the con-
sidered altitude gradient. The thickness of the spongy and
palisade parenchyma, along with the blade thickness, were
the characteristics that contributed the most to its average
IPF. This suggests that the mesophyll structure plays an im-
portant role in the adaptation ofG. ulmifolia to environmental
changes associated with the studied riparian forest altitude

gradient, particularly to the luminous intensity increase asso-
ciated with higher altitude; nonetheless, it has been indicated
that this species is sensitive to high irradiance during its early
developmental stages (Contin et al. 2014).

The species with the lowest IPFwereC. peltata, followed by
B. aculeata, P. dulce and I. vera; however, we must consider
that in the first three species there were changes in quantitative
variables which were not included in the average IPF. In
P. dulce papillae density doubled with altitude, in C. peltata,
the strata number of the mesophyll parenchyma increased at the

Fig. 5 Average values of adaxial (A) and abaxial (B) stomatal density and
adaxial (C) and abaxial (D) trichomes density, in six dicotyledonous
species growing along an altitudinal gradient on the high basin of the

Tocuyo river. Equal lowercase letters above the bars do not differ from
each other by the Tukey test at 5% error probability. Vertical bars repre-
sent the value of the standard deviation

Table 2 Phenotypic plasticity index (IPF) for quantitative anatomical features measured in the leaf blade of six eudicotyledons species that grow in an
altitudinal gradient on the high basin of the Tocuyo River (Lara - Venezuela)

Anatomical characteristics S. glandulosum G. ulmifolia I. vera P. dulce C. peltata B. aculeata

Adaxial epidermis thickness 0.21 0.17 0.13 0.19 0.02 0.12

Abaxial epidermis thickness 0.20 0.18 0.22 0.07 0.04 0.10

Palisade parenchyma thickness 0.06 0.53 0.09 0.14 0.12 0.11

Spongy parenchyma thickness 0.07 0.61 0.12 0.13 0.21 0.06

Leaf thickness 0.07 0.44 0.06 0.02 0.04 0.07

Stomatal density (abaxial epidermis) 0.32 0.06 0.04 0.04 0.06 0.08

Average IPF 0.16 0.33 0.11 0.10 0.08 0.09
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highest altitude, and in B. aculeata the adaxial stomata density
significantly increased with altitude. These changes are also
indicators of structural plasticity and make evident the
individual differences of these taxa regarding their adjustment
to the altitude gradient. I. vera seems to be the taxon in which
lower plasticity in the anatomical characters of the leaf blade
was evident. It is possible that the species that showed a low
average IPF adjust to environmental changes by another
morphoanatomic or physiologic characters not included in
this study, or that they activate modifications in another
organs, to be able to adapt to environmental variations that
occur with altitude. Pereira et al. (2018) studied simultaneously
anatomical and physiological plasticity in leaves from two
arboreal tropical species growing under different irradiance
levels and found a higher phenotypical plasticity in the
physiological rather than the anatomical characteristics.
Gratani (2014) has indicated that species with higher phenotyp-
ical plasticity have better survival capability when environmen-
tal conditions change quickly; it has also been pointed out that
those taxa showing high levels of phenotypical plasticity
through altitude gradients may have a higher capability to re-
spond to global change (Read et al. 2014). The six studied taxa
show similarity in their qualitative foliar structure, but not in
terms of quantitative leaf anatomical characteristics where a
variable plasticity degree was observed, depending on the tax-
on. The more plastic characteristics in the altitude gradient
were: stomata density on the adaxial epidermis (amphistomatic
leaves), trichome density, palisade parenchyma thickness, and
leaf thickness. G. ulmifolia was the taxon with the highest leaf
anatomical plasticity in the altitude gradient from the studied
riparian forest which confers it an adaptive advantages for col-
onizing riparian ecosystems. However, in the remaining taxa
the presence of certain responses revealed some degree of leaf
plasticity, which indicates that their adaptive capability is influ-
enced by genotypic characteristics of each species. Taking in
account that relative humidity and temperature are similar at the
two sampling sites, the plasticity responses observed in the
studied arboreal species seem to be related to the increase of
luminous intensity with altitude, which induces the develop-
ment of characters mainly associated with heliomorphism.
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