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ABSTRACT

In seasonally dry tropical forest (SDTF) plant trait
variation has been associated with adaptation to light
and water availability and a coordinated tolerance
of plants to shortage of both resources has been
proposed. We tested this hypothesis in a set of 113
species by analyzingthe relationships amongsteleven
leaf and stem traits that have been related to shade
and drought tolerance. In addition, the usefulness of
different types of functional classifications describing
community plant trait variation was evaluated.
Strong relationships were observed between leaf
and stem traits, potentially conferring coordinated
tolerance to shade and drought, and three axes of
variation were identified by means of a principal
component analysis. The first axis described leaf
and stem economy, the second was related to leaf
thickness and organization and the third was related
to the trade-offs between leaf size, stem density and
bark thickness. Stem density was correlated strongly
with several plant traits, emphasizing its key role in
explaining variation in life history strategies of SDTF
species. Significant differences were found between
functional groups categorized by phylogeny and leaf
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phenology, whereas for life forms differences were
only observed for palms and bamboos.

Keywords: drought, lifeform, phenology, phylogenetic
group, resource use strategies, trade-offs.

RESUMEN

En los bosques secos tropicales (BST) la variacién en
rasgos vegetales se ha relacionado con adaptaciones
a cambios en la disponibilidad de luz y agua y se
ha propuesto una tolerancia coordinada a la escasez
de ambos recursos. En este estudio probamos dicha
hipdtesis en un conjunto de 113 especies mediante el
analisis de la relacion entre once rasgos funcionales
de hojas y tallos, que se han asociado con la
tolerancia a la sombra y la sequia. Adicionalmente,
evaluamos la utilidad de diferentes clasificaciones
funcionales para describir la variacion de los
rasgos en la comunidad de plantas estudiada. Se
observaron relaciones fuertes entre rasgos de las
hojas y el tallo, otorgando potencialmente tolerancia
a la sombra y la sequia, ademas se identificaron
tres ejes de variacion a través de un andlisis de
componentes principales. El primer eje se relacioné
con la economia de hojas y tallo, el segundo con el
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grosor y la organizacion de las hojas y el tercero con
compromisos entre el tamano de hoja, la densidad
del tallo y el grosor de la corteza. La densidad del
tallo se relacion6 fuertemente con varios rasgos,
enfatizando su papel clave explicando la variacién
en las estrategias de historia de vida de las especies
de BST. Se observaron diferencias significativas entre

grupos funcionales categorizados por filogenia y
fenologia, mientras que entre formas de vida solo se
observaron diferencias para las palmas y guaduas.
Palabras claves: compromisos, estrategias uso de
recursos, fenologia, forma de vida, grupo filogené-
tico, sequia.

INTRODUCTION

The classification of plant species in relation to
their morphological and life-history characteristics
has been a keystone for the development of plant
ecology. The use of plant functional types has
allowed simplification of the analysis of species
distribution in relation to environmental and
management characteristics (Chazdon et al., 2010;
Laliberté et al., 2010; Enquist & Enquist, 2011),
the relationship between plant functional diversity
and ecosystem functioning (Diaz & Cabido, 1997;
Wardle et al,. 2000; Ward et al., 2009; Finn et al.,
2013) and the response of ecosystems to global
climate change (Fry et al.,, 2013). Particularly, the
use of plant functional traits has been shown to
be a promising approach to group species with
similar responses to environment factors or with a
similar effect on the ecosystem, such as ecosystem
engineers and nitrogen fixing plants (Lavorel et al.,
2007). The main assumption of trait analyses is
that plant trait combinations are limited and that
life history strategies are associated with trade-offs
that confer fitness under certain environmental
conditions at the expense of others (Westoby et al.,
2002; Diazetal., 2004; Wrightet al., 2004; Westoby
& Wright, 2006). For example, Grime (1977)
proposed a triangular scheme to describe variation
in plant life history strategies according to the
relative importance of adaptations to competitive
ability, stress and disturbance tolerance. In contrast
Westoby (1998) described plant trait variation
along a proposed LHS (leaf-height-seed) scheme,
in which each axis corresponded respectively to
the traits specific leaf area, height at maturity and

seed mass, reflecting an accepted trade-off for light
and reproductive constraints.

More recently, evaluation of worldwide
databases of plant traits has allowed identifying
that the major axis of leaf trait variation is the
fundamental trade-off between a set of plant
attributes that allow rapid acquisition of resources
at the expense of longevity, and another set that
permits conservation of resources within well-
protected tissues (Diaz et al., 2004; Wright et al.,
2004). This trade-off agrees with previous results of
Grime et al. (1997), which indicated that the major
axis of variation of plants in Great Britain was the
adaptive specialization in resource dynamics. In
a parallel manner, a wood economic spectrum
has been suggested where wood density is a key
integrator trait that reflects trade-offs in mechanical
support, growth and hydraulic conductivity
among species (Chave et al., 2009). However, the
generality of these resource use axes describing
variation in plant traits has not been completely
resolved and global studies have also observed high
within-site variation (Wright et al., 2007). Although
some general patterns may be identified, trait
differentiation results from environment-specific
conditions and multiple axes of differentiation may
explain community functional diversity (\Westoby
et al., 2002; Ackerly, 2004; Silvertown, 2004;
Hillebrand & Mathiessen, 2009). Considering that
the data analyzed to date represents only a portion
of the wide array of ecosystems found in nature,
further studies in a wider range of ecological
communities are required.

In tropical forests, the gradient of resource
use variation in plant leaf and stem traits has
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been related to specific light requirements and
performance. Shade intolerant species tend to
have higher growth rates, lower seedling survival
and shorter lived and low mass density leaves
compared to shade tolerant species (Poorter &
Bongers, 2006). Wood anatomical traits on the
other hand have been found to relate to light
gradients and plant stature and to influence growth
and survival in the field (Kraft et al., 2010; Poorter et
al., 2010; Wright et al., 2010). These relationships,
however, can vary depending on the climatic
conditions of the forest. For example, Wright &
Westoby (2002) found that the magnitude of the
relation between leaf lifespan and leaf mass per
area is different in species of dry sites compared to
wet. Likewise, in Bolivia Poorter & Kitajima, (2007)
found differences in carbohydrate storage related
to seedling survival between shade-tolerance
groups in moist forests but not in the dry forests.
Furthermore, a shift in the importance of leaf
functional traits that determine plant performance
has been observed to occur in dry forest compared
to wet, from attributes that determine growth
and survival to those that improve growth under
light or shade conditions (Poorter, 2009). Light
availability in dry forest increases considerably
during the dry season generating irradiance levels
in the understory several times higher than those
observed in wet forests (Lebrija-Trejos et al., 2009),
suggesting that there may be factors other than light
availability that better describe plant trait variation
in this ecosystem compared to wet forests.

Water availability, in addition to light gradients,
has being suggested as a major driver of plant
variation in tropical forests (Poorter, 2005).
Drought tolerance influencing plant communities
is especially important in dry forests, which are
characterized by three or more months of severe
drought during the year (Mooney et al., 1995). In
these forests, plant species possess characteristics
thatallow them to cope with water shortage and that
can be segregated along an axis going from drought
avoidance to drought resistance (Pineda-Carcia et
al., 2013). Deciduous species, characterized by

a drought avoidance strategy that allows them to
reduce water loss, have been found to be more
efficient at water transport and carbon gain than
evergreen species (Markesteijn et al.,, 2011) and
to experience lower herbivory rates (Pringle et al.,
2010). However, they have also been shown to
be more vulnerable to drought-induced embolism
(Choat et al., 2005). In contrast, drought tolerant
species have developed characteristics like deep
roots and tough tissues that allow them to function
under low soil and plant water potentials (Ackerly,
2004; Poorter & Markesteijn, 2008). Drought related
adaptations have also been observed in specific
life forms or phylogenetic groups. This is the case
of lianas, an important structural component of
Neotropical forest that have shown high densities
in dry forests (Gentry, 1995) and for which higher
drought resistance has been hypothesized without
consistent results (Schnitzer & Bongers, 2002; Van
der Sande et al.,, 2013). Lianas have also shown
lower specific leaf area and assimilation rates than
trees in lowland forest, supporting the view that
classification based on plant life-forms can help
to simplify functional diversity of this ecosystem
(Santiago & Wright, 2007). The family Fabaceae,
which is highly dominant in seasonal dry forest,
is also characterized by a group of traits that favor
establishment in dry conditions such as compound
leaves, high N leaf content and low specific leaf
area and have been considered a distinct functional
group in this ecosystem (Powers & Tiffin, 2010).
The relative importance of shade and drought
tolerance in explaining the variation in functional
traits of tropical dry forest species is still unresolved.
A decoupled adaptation of plant traits to both
factors has been suggested in tree species of dry
and moist tropical forest of Bolivia, where shade
tolerance was related mainly to variation in leaf
resource economy traits (Poorter, 2009), whereas
drought tolerance was strongly related to leaf
organization, deciduousness and to stem and root
traits (Poorter & Markesteijn, 2008; Markesteijn
& Poorter, 2009). In agreement, an orthogonal
variation among both leaf and stem traits has been
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observed in an extensive sample of Neotropical
wet forest species (Baraloto et al., 2010; Fortunel
et al.,, 2012). On the contrary, strong associations
between stem and leaf traits have been observed in
seasonally dry forests species in Argentina (Easdale
et al,, 2007). Mass investment in leaf and stem
have also been related to hydraulic conductivity,
which has been observed to strongly associate
with a coordinated tolerance of trees in this
ecosystem to shade and drought (Markesteijn et
al., 2011). No further studies have been conducted
in dry forests to test these relationships and there
is therefore a need for further research on the
functional ecology of this ecosystem (Chatuverdi
etal., 2011), especially considering the wide-range
environmental conditions where these forests are
found throughout America (Centry, 1995).

In Colombia, seasonally dry tropical forests are
one of the most threatened ecosystem and only
3.7% of the original cover remains in a fragmented
distribution (Garcia et al., 2014). This scenario
has increased the research efforts on these forests
and the information available on their floristic
composition has increased considerably in recent
years (Pizano et al., 2014), however studies on the
functional ecology of the plant community are still
scarce. Effective conservation and restoration of
these forests require a comprehensive knowledge
of the environmental factors that influence
plant trait variation, which in turn determine
the resilience of this ecosystem to drivers of
environmental change, such as global warming
and reduced precipitation.

This study analyzed the relationships between
plant traits in a set of 113 woody species of
seasonally dry tropical forests in a region of the
Colombian Caribbean to test the hypothesis that
leaf and stem traits are coordinated in the plant
community of this ecosystem and potentially
confer tolerance to both drought and shade
tolerance. Additionally, we tested the adequacy
of a priori plant functional classifications
commonly used for SDTF describing plant
variation in these forests.

METHODS
Study area

The research was conducted in the Totumo region in
the Caribbean coast of Colombia. The landscape in
the region is heterogeneous and the main land cover
type is pastures for cattle. Other land cover types
include shrubland and secondary forest derived
from abandoned agricultural fields and pastures,
forest fragments and cultivated crops (mostly
maize and yuca). The climate is characterized by
a mean annual temperature between 24 and 27.5
°C with maximum temperatures of 38 °C (IGAC,
2004; 2008). Mean annual precipitation is around
900 mm distributed in a rainy season from April to
early December, with a decrease in precipitation
during June and July, followed by a 5 month dry
season. Forests in the region have been described
as Neotropical dry forests (Gentry, 1995), with a
mean canopy height of 20 m (pers. obs.). The most
species diverse families reported for the region
are Fabaceae, Malvaceae and Bignoniaceae and
some of the most abundant genera are Cordia,
Coccoloba, Senna, Paullinia, Trichilia, Acacia and
Cynophalla (Rodriguez et al., 2012).

Study species

A total of 113 species were included in the study
on the basis of vegetation assessments conducted
during 2011 in three sites that offered secondary
tropical dry forest of different ages and similar
patterns of land use. The Regional Natural Park
El Ceibal-Mono Titi (10°37.19” N, 75°14.28’
W) and the Regional Natural Park Los Rosales
(10°37.78” N, 75°12.56” W) correspond to two
privately owned farms, located in the departments
of Atlantico and Bolivar respectively, that possess
forest fragments of nearly 300 ha, whereas the
Protective Forest Reserve El Palomar (10° 45.39’
N, 75°09.22” W), located in the department of
Atlantico, is composed of 19 privately owned
farms that possess three fragments of forest of
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approximately 60 ha each and others of smaller
size (>10 ha). The assessments included three
types of forest cover that were differentiated on the
basis of satellite imagery and field observations,
namely early, intermediate and late secondary
forests. Cattle pasture is common in the secondary
vegetation at the three sites, although it is limited
by the topography, and fire spreading from
agricultural areas occurs occasionally.

The species selected were those that contributed
to 70% of the basal area of at least one of 123 10
x 10 m plots, fairly distributed among the three
forest types and sites, where all individuals with
a DBH > 2.5 cm were identified and recorded.
This approach follows definition by Cornelissen
et al. (2003) of the most abundant species in
a community based on measures of biomass
contribution, assuming that this proportion of
the species provides a good representation of
the plant community in the region. For this
study however basal area was used as a proxy
for biomass. Nomenclature follows that of the
Missouri Botanical Garden (Tropicos 2013).

Plant trait selection and measurements

Functional traits are the characteristics of an
organism that are considered relevant to its
response to the environment and/or effect on
ecosystem function (Diaz & Cabido, 2001). Plant
traits include various life history, morphological,
physiological and biochemical characteristics
of an organism. In practical terms, they have
been divided into soft and hard traits; the former
includes those that can be easily measured in the
field or by simple laboratory procedures, while
the latter require more complex methods or long
periods of time (Cornelissen et al., 2003; Weiher
et al, 1999). For this study, we selected traits
based on two criteria, that they were reported
in the literature to be correlated to survival and
growth performance of plants under limiting water
and light conditions, and that they were feasibly
measured in field conditions. The traits selected

correspond to soft traits that are expected to be
sufficiently fixed to characterize species despite
intra-specific variability.

Field collections were made from June to
September 2011. Leaf characteristics were
measured in 5 individuals for most species (i.e.,
86 of 113) following the recommendations of
minimum sample size of Cornelissen et al. (2003).
For rare species, we were only able to measure
leaf characteristics in 4 individuals (10 species)
or 3 individuals (17 species). Variation associated
with the development stage and the effects of light
environment were reduced by selecting healthy
mature leaves from the outer leaf layer of the
crown that were exposed to full sunlight at least
during a few hours of the day. This last criterion
was not considered for species whose individuals
were found primarily in the understory. Fully
expanded leaves without epiphylls and significant
herbivore damage were collected, including the
corresponding petioles. The leaves were stored
in sealed plastic bags with a wet tissue and
maintained in the shade to avoid dehydration until
measurement; all measures were taken on the
same day of collection.

For each individual 5 leaves were measured
for fresh mass, lamina thickness and force to
punch. Due to the complexity in practical terms of
measuring all leaflets in compound leaved species,
especially for legumes with highly dissected leaves,
we measured these traits in individual leaflets
of average size, under the assumption that these
provide a good representation of lamina tissue.
Lamina thickness (LT) was measured with a digital
calliper avoiding visible primary and secondary
veins in two different sections of the lamina. The
force-to-punch a leaf was measured using a push
and pull gauge (rod diameter 3.18 mm, Chatillon
516-1000, AMETEK TCI Division, Chatillon Force
Measurement Systems) following Pringle et al.
(2010). Although the use of punch tests has been
criticized (Sanson et al., 2001) as it does not
actually measure leaf toughness directly, the results
obtained with this technique are consistent with
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those using other shearing instruments as long
as the diameter of the punch is specified and the
measure is corrected for the length or thickness of
the leaf (Kitajima & Poorter, 2010; Onoda et al.,
2011). It is also a valid technique for comparative
studies that do not analyze in detail biomechanical
properties. The rod head was therefore positioned
to avoid primary and secondary veins and measures
were taken in two positions of the leaf blade. The
mass at the moment of penetration of the leaf was
converted to punch force by converting grams to
newtons and dividing by the rod circumference (Fp,
N.mm™-The use of the circumference instead of rod
area to normalize the data has been recommended
to reduce sensitiveness to the size of the punch
diameter (Onoda et al., 2011). Fp was subsequently
divided by the lamina thickness to calculate the
specific force-to-punch (Fps, N.mm-2).
Additionally, a digital picture was taken of
each leaf after placing it on a white background
between two sheets of glass and marking the
scale. The pictures were analyzed with pixel-
counting software to calculate the area of the
lamina and the petiole (Rasband, W.S., Image),
U. S. National Institutes of Health, Bethesda,
Maryland, USA). Leaf area (LA) considered the
area of the lamina blade without the petiole; for
compound leaves leaf area was calculated by
multiplying leaflet areas by the mean number of
leaflets. Compoundness was recorded in three
states: simple leaves, pinnate and bipinnate.
Species were assigned to one of two leaf
habits, deciduous or evergreen, based on field
observations, local interviews and literature
records. Although deciduous species have been
shown to vary in the timing and length of the
leafless period no distinction was made as no
detailed information was available for all species.
Seeds were collected for 46 species and the
number of individuals sampled varied according
to availability (1 individual for 17 species, 2 for 15
species, 8 for 3 species, 4 for 4 species and 5 for two
species) and from each individual at least 10 seeds
were measured for dry biomass. Leaves, leaflets and

seeds were dried for a minimum of 48 h at 60-70 °C
to record dry mass. Samples were dried using a gas
oven at the installations of the University of Atlantico,
Colombia, were they were located approximately 70
cm over the oven on an aluminum table and were
protected using a cardboard sheet. Temperature was
constantly monitored using laboratory thermometers.
To assure that samples had lost all water content, a
few samples were weighed, placed again inside
the room and weighed a few hours later to check
if the dry mass continued decreasing. If this was the
case all the material was dried for additional hours,
until a constant dry mass was obtained. Based on
these measurements the following variables were
calculated: leaf dry matter content (LDMC = dry
mass per unit of fresh mass) and specific leaf area
(SLA in cm2.g-1 = total leaf area / leaf dry mass) and
seed mass (SM in g).

Stemdensity (SD) was measured infive individuals
for most species (79 of 113) as the dry weight (g)
per unit volume (cm3) of stem samples. For rare
species, measures were taken from 4 individuals
(16 species) or 3 individuals (18 species). DBH of
individuals sampled varied among species and life
form. Source individuals varied in range by less than
10 cm in 85% of the liana species (12 of 14), 80%
of the palms and bamboos (4 of 5) and 62% of the
trees species (59 of 94). For the remaining species,
source individuals DBH varied in range by more
than 20 cm, and for 18 species of trees this value
was higher than 40cm. Samples were collected by
cutting a section of the trunk, approximately 7 cm
length x 1-2 cm depth, covering bark, alburnum
and for some species duramen tissue. In the case
of relatively soft-stemmed species, such as Bursera
simaruba, Ceiba pentandra and Hura crepitans an
increment borer was used to take a stem sample for
analysis. For lianas and plants with stem diameters
>6 ¢cm and height >4 m, the samples were taken
at approximately 1.3 m height. For plants with thin
main stems (diameter <6 cm) or smaller than 4 m
height, a section was cut at approximately one third
of the stem height. Green volume was calculated
using the water displacement method (Chave, 2005),
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by immersion of samples into a container of water
loaded on a top-loading electronic balance, where
volume was read as the mass of the displacement
water. Bark thickness (BT) was measured in stem
sections using a digital caliper; for some of the
species measures were taken in dried samples and
the values may therefore be relatively low owing
to tissue contraction. For palms and bamboos we
measured the width of the cortex and epidermis.
Samples were kept in a cool place until oven-dried
for at least 48 h at 60-70 °C, as previously described
for leaf samples, and dry mass recorded.

Height, estimated visually by the field team,
and crown exposure of each individual, were also
recorded. Crown exposure index (CE) values were
obtained through visual assessment following Poorter
& Kitajima (2007): CE is assigned a value of 1 if the
tree does not receive any direct light, 2 if it receives
lateral light, 3 if it receives overhead light on part of the
crown, 4 when it receives full overhead light on the
whole crown and 5 when it has an emergent crown
that receives light from all directions. Considering
that a species could potentially be found in different
light environments during different growth stages, the
highest value of crown exposure recorded in the field
was used for analysis.

Spinescense records follow the categorical
classification of Cornelissen et al. (2003): 0)
no spines, thorns or prickles; 1) low or very
local density of soft spine equivalents of <5 mm
length; 2) high density of soft spine equivalents
or intermediate density of spine equivalents of
intermediate hardness- or else low density of
hard, sharp spine equivalents >5 mm length;
3) intermediate density of hard, sharp spine
equivalents >5 mm length; 4) intermediate density
of hard, sharp spine equivalents >20 mm length
and 5) intermediate density of hard, sharp spine
equivalents >100 mm length.

Data analysis

Traits measured in the field presented two levels of
sampling, species and individual trees. To explore

which of these levels was the largest source of
variation, a linear mixed effect model was fitted
to the data considering each level of sampling as
a random factor. Variation between individuals in
seed mass only considered a few species, as for
most species all the seeds were collected from one
individual. Traits that did not meet the assumptions
of the analysis were transformed by means of the
natural logarithm. Significance of each level of
grouping (species, individuals) was analyzed by
means of simple ANOVAs or Kruskall-Wallis test
on aggregated data to account for the unbalanced
sampling effort.

Species-specific trait values were calculated
using an arithmetic mean and the resulting variables
were tested for normality using the Shapiro-Wilk
test. Traits that differed from a normal distribution
were transformed by means of the natural logarithm
to reduce skewness. Relationships between the traits
were analyzed by calculating multiple correlations
using the Pearson’s coefficient. Because of very
high differences between maximum and minimum
values for LA, Fp and Fps, these variables did not
fit normal distribution after transformation and
correlations were analyzed using Spearman’s
coefficient.

A principal components analysis was carried
out on the correlation matrix to explore the
relationships between traits and the distribution
of species along the reduced ordination axis. SLA,
LA, LT, Fps and BT were transformed before the
ordination to reduce skewness and Fp was excluded
due to high correlation with Fps. Considering the
high number of missing cases for SM, the analyses
were performed using all the species sampled
and excluding the seed variable. Missing values
were replaced by the mean in two cases, bark
thickness for Hura crepitans and Ceiba pentandra.
Compoundenss and spinescense were considered
as quantitative ordinal variables. The relationship
between SM, maximum height and CE and the
scores of the first three principal components were
analyzed by means of correlation tests. For these
analyses, only those species with data from 10
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or more individuals of maximum height and CE
were considered to avoid estimations from a low
sampling number.

To test for differences between functional
groups three a priori classifications were
considered; species were classified according to
leaf phenology, life form and phylogenetic clade.
In terms of phenology, species were classified as
evergreen or deciduous and no discrimination was
made between different levels of deciduousness
considering the heterogeneous sources of
information. Species were categorized as one
of the following life forms: trees, lianas, palms
or bamboos. This study included 14 species of
lianas and 6 of palms and bamboos that were an
important structural element of the forest in the
region. For phylogenetic clade four groups were
considered following the AGP Il system (2009):
monocots (commelinids), eudicots, Fabaceae as a
special case of eudicots, and magnoliids.

To test for differences between functional groups
an analysis of variance using distance matrices
was conducted using the function adonis within R
(version 2.15.1, R Core Team 2012); dissimilarity
between pairs of species was calculated as the
Euclidean distance and the significance of the
statistic R was assessed with 200 permutations. In
addition, differences in individual functional traits
between the groups of a priori classifications were

tested by means of Student’s t test; the Wilcoxon
signed-rank test was used for variables that were not
normalized even after transformation. Categorical
data was analyzed by means of the chi-squared
test. For these analyses only Fabaceae and Eudicots
were considered among phylogenetic groups and
lianas and trees among life forms, due to the small
number of samples for the remaining functional
groups. These analyses were conducted using the
packages vegan, cluster and fpc (Maechler et al.,
2012; Oksanen et al., 2012; Hennig, 2014) within
R (version 2.15.1, R Core Team 2012).

RESULTS

Plant traits recorded in the field varied widely
among the species (Table 1). Leaf area (LA) showed
the highest variation with values varying by four
orders of magnitude. This can be explained by the
high leaf area of palms and other species included
in the study such as Sterculia apetala, Cecropia
peltata and Cavallinesia platanifolia. Other traits
that showed high variation among values were
specific leaf area (SLA; one order of magnitude),
force to punch (Fp; one order of magnitude)
and specific force to punch (Fps; three orders of
magnitude). Leaf dry matter content (LDMC) and
stem density (SD) showed especially low minimum

Table 1. Summary statistics for eight functional traits of a set of 113 species of seasonally dry tropical forests. Leaf

dry matter content (LDMC), leaf thickness (LT), specific force to punch (Fps), leaf area (LA), specific leaf area (SLA),
stem density (SD), bark thickness (BT) and seed dry mass (SM).

Min Max Mean o Median
LDMC (g.g") 0.08 0.61 0.32 0.10 0.33
LA (cm?) 6.66 47 338.00 996.30 5777.39 67.11
SLA (cm?.g™) 67.96 589.78 198.98 85.57 186.13
SD (g.cm?) 0.13 0.85 0.54 0.14 0.57
LT (mm) 0.06 0.58 0.19 0.07 0.18
Fps (N.mm?) 0.36 536.32 34.79 79.50 11.89
BT (mm) 0.26 7.30 2.89 1.50 2.67
SM (g) 0.00 15.96 0.76 2.41 0.05
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values, which correspond respectively to the cactus
species Pereskia guamacho that possess very
succulent leaves, and to the species C. platanifolia
common in dry forests and characterized by a
water storage trunk.

Interspecific differences were the major source
of variation for all plant traits (Table 2) and the
two levels of sampling, species and individuals
trees, were significant for all traits (P < 0.001).
For LA, LDMC, Fps, SD and seed dry mass (SM)
the percentage of variation explained by species
differences was high (71-96%), whereas for SLA

and bark thickness (BT) an important percentage
of variation was explained by differences between
individuals or remained unexplained. In relation
to leaf organization, 62% of the species included
in the study had simple leaves, 28% pinnate leaves
and 10% bipinnate leaves. For spinescense most of
the species did not possess spines (85%) and when
present, high variability was observed, from very
low densities to high densities of hard spines (e.g.
Bactris guianensis).

Significant correlations were found for all plant
traits (Table 3). LDMC was negatively correlated

Table 2. Percentage of variance explained by species and individuals in a set of eight functional traits. Both levels
of variation were significant for all traits. Based on 113 species and 523 individuals, except seed mass (49 species,
101 individuals), stem density (109 species, 500 individuals) and bark thickness (109 species, 477 individuals).

Leaf dry matter content (LDMC), leaf thickness (LT), specific force to punch (Fps), leaf area (LA), specific leaf area
(SLA), stem density (SD), bark thickness (BT) and seed dry mass (SM).

LDMC LT Fps LA SLA SD BT Seed
Species 68.90 72.71 71.75 91.68 52.38 77.58 52.92 95.39
Individual 12.00 20.13 17.09 4.41 30.10 - - 3.23
Residual 19.1 7.2 11.2 3.9 17.5 22.4 471 1.4

Table 3. Pair-wise relationships amongst 10 functional traits of 113 tropical dry forest species. Values indicate
Pearson’s coefficient for relationships between LDMC, SLA, SD and BT; for all other relationships values indicate
Spearman’s coefficient. For seed mass analysis considered 45 species. Significant correlations at P < 0.001 are
indicated in bold, in bold and italics P < 0.05. For trait abbreviations and units see Table 2, except Maximum
height- Mheight (m) and Compoundness- Comp.

LDMC LA SLA SD LT Fps BT Spines Comp. Seed
LDMC
LA 0.05
SLA -0.39 -0.08
SD 0.54 -0.21 -0.16
LT -0.35 0.02 -0.33  -0.24
Fps 0.41 0.14 -0.65 0.22 0.28
BT -0.06 0.16 -0.1 -0.24 0 -0.04
Spines 0.05 0.03 0.15 -0.07  -0.09 0 -0.12
Comp. 0.34 0.4 0.13 0.06 -0.49 -0.13 0.07 0.14
Seed 0.28 0.62 -0.48 <0.01 -0.05 0.58 0.19 -0.05 0.28
Mheight -0.11 0.23 -0.01 -0.35 0.09 0.12 0.23 -0.03 -0.05 0.11
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with SLA (P < 0.001) and leaf thickness (LT; P <
0.001) and positively correlated with SD (P <
0.001), Fps (P < 0.001) and compoundness (P <
0.001). Other significant correlations were found
between SM, LA, SLA and Fps. Considering that
the high values of LA and SM observed in palms
could influence the relationship between these
traits, the analysis was rerun by removing this
group of plants, however similar values to those
observed when considering the whole data set
were obtained. Results suggest that species with
higher SM are characterized by larger leaves, low
SLA, and high Fps and that species with high SD
are also characterized by high LDMC and Fps, and
less strongly by low BT and LT.

The first three components of the PCA
explained 25%, 24% and 15% of plant trait
variation (Table 4). The first component was
highly correlated to LDMC, Fps and SLA,
and more weakly to SD, whereas the second
component was highly correlated with leaf
thickness and compoundness, and more weakly
to SLA (Table 4). Based on these results species
with high investment in leaf and stem tissues
were clustered on the negative side of the first
axis of the ordination plot and species with
compound and thin leaves on the positive side of
the second axis (Figure 1). The third component
was highly negatively correlated to LA and with
a lower magnitude to SD, bark thickness and
compoundness. Maximum height, SM and crown

exposure (CE) were correlated with the species
coefficients along the third component (Figure 2),
SM was also correlated with species coefficient
along the first component and no significant
relationships were observed with the coefficients
of the second component of the ordination.

Significant differences were found between
legumes (Fabaceae) and the remaining Eudicots
by means of an analysis of similarities (F = 13.7,
df 1, P = 0.005). Legumes were located on the
top of the second axis and were characterized
by compound leaves, low LT and high SLA
(Figure 1b). These results were confirmed
by significant differences in the analysis of
individual plant traits, with legumes presenting
higher LDMC and SLA and lower Fps and LT than
the remainder Eudicots (Table 5). Considering
leaf phenology, significant differences were also
found by means of the analysis of similarities
(F=7.2,df 1, P = 0.005). Deciduous species
presented significantly lower LDMC, and Fps
and higher SLA and BT than evergreen, as well
as a higher number of compound-leaved species
(Table 5). No differences were found between
life forms (F = 1.7, df 1, P = 0.13), as lianas
covered the same range of trait characteristics as
trees (Figure 1, Table 5); bamboos and palms on
the other hand were located in the extreme right
of the distribution in the first axis, reflecting their
high LDMC and Fps.

Table 4. PCA components (variance explained) and loadings of plant traits for a set of 113 species of SDTF. For trait

abbreviations and units see Table 1, except Compoundness- Comp.

LDMC SD Spines  Comp. LA SLA LT Fps BT
PC1 (24.5%) -0.53 -0.37 -0.01 -0.03 -0.17 0.52 0.00 -0.53 0.07
PC2 (23.9%) 0.32 0.30 0.1 0.52 -0.04 0.34 -0.57 -0.24 -0.16
PC3 (15.3%) -0.01 0.46 -0.20 -0.35 -0.71 0.01 0.06 -0.08 -0.34

PC4 (12.7%) 0.12 0.06 -0.74 0.06

-0.07 -0.10 -0.15 -0.14 0.61
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Figure 1. Principal component analysis biplot of functional trait data for 113 species of SDTF. Different symbols
indicate grouping by different functional classifications: a.) leaf phenology, b.) phylogenetic clade, c.) life form and
d.) Scores of plant functional traits on the first and second axis.
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Figure 2. Scatterplot of significant relationships between plant functional traits and species scores along the first

and third axes of a principal component analysis. Pearson (r) and Spearman (p) coefficients and significance levels
are given. N is 68 species for maximum height, 46 for crown exposure index, and 45 for seed mass. The continuous

line indicates the straight line of best fit.

DISCUSSION

The variability of morphological traits among
plant species was very high as expected from
the numerous and diverse sample of woody
plants included in the study. The assumption
that interspecific variation was higher than
intraspecific variation was confirmed by the
results and a great percentage of the variation in
functional traits was explained at the species level,
with the exception of specific leaf area (SLA) and

bark thickness (BT). The measurement of SLA is
subject to high natural variability in relation to the
light environment, leaf age and sampling errors
(Wilson et al., 1999); factors that may not have
been completely controlled in this study. In the
case of BT the high percentage of variation that
remained unexplained could be partially related
to differences in individual tree diameter, which
have been shown to strongly influence this trait
(Paine et al., 2010) and varied by more than 10 cm
for one third of the tree species.
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Relationships among stem and leaf traits

The strong negative correlations observed provide
evidence of coordination between stem and leaf
traits that are reported to determine shade and
drought tolerance and suggest that trade-offs are
occurring. These results support the hypothesis
that functional trait variation of woody species
in dry forests can be explained better in terms
of acquisitive traits that allow high resource use
under high light or water availability conditions
versus conservative traits that provide tolerance to
both shade and drought (Markesteijn et al., 2011;
Sterck et al., 2011).

The first axis of the ordination, related to leaf
density and toughness, was characterized by the
strong negative relationship between SLA, Fps
and LDMC. This axis of variation has also been
identified for other lowland forests as part of
the shade tolerance strategy where species with
tougher and denser leaves were also characterized
by longer lifespan, lower palatability, low sapling
relative growth rate and high survival (Kitajima
& Poorter, 2010). The second component was
related to leaf organization and thickness, traits
that can favor both growth and drought tolerance.
Compound leaves have been suggested to
decrease branching and allow rapid increases
in vertical growth for both shade-tolerant and
pioneer species (Malhado et al.,, 2010). They
have also been associated to higher C:N ratios
compared to simple leaves, which are related to
lower energetic costs with no detrimental effect
in herbivory defense (Warman et al., 2010). Leaf
thickness on the other hand has been observed to
vary independently of leaf toughness and LDMC
and was related to leaf lifespan in woodlands of
Australia (Wright & Cannon, 2001), although this
relationship was not observed in moist forests of
Bolivia (Kitajima & Poorter, 2010).

Leaf area was not correlated with any other
leaf trait but it was negatively related to SD,
determining the third axis of trait variation. This
link between SD and LA has been explained

by plant hydraulics, as species with lower
wood density have on average higher hydraulic
conductivity and will be able to transport more
water to the leaves (Wright et al., 2007). A
significant negative relationship between these
two traits has also been observed in multi-species
analysis of lowland Neotropical forests (Malhado
et al., 2009; Baraloto et al., 2010). Moreover, the
significant correlations between traits observed in
this study agree with the predicted relationships
of plant traits in low rainfall locations provided
by Baraloto et al. (2010), where they expected:
1) a decoupling of leaf area from leaf toughness
accompanied by a lower probability of herbivore
damage risks to tissue, and 2) a stronger association
between leaf area and stem economics because
of increased risk of cavitation with increased
transpiration surface.

The third axis was also weakly correlated
with BT and compoundness, reflecting their
positive correlation with SD and LA. In terms
of leaf organization, there was a tendency for
compound leaves to have higher leaf size and
these differences were significant when treating
compoundness as a factor in an independent
analysis; specifically pair-wise comparisons
showed that simple leaves had a smaller area
than pinnate leaves. Differences in LA between
simple and compound species have not been
documented and previous analyses have
only considered leaflet size for comparisons
between them (Warman et al., 2010); although
a consistent positive relationship between leaf
and leaflet area has been observed (Patifo et
al., 2012). Nevertheless, a higher investment
in biomass has been observed in compound
leaved compared to simple leaved species
(Niinemets et al., 2006), which would favor leaf
expansion without increasing photosynthetic
area prone to desiccation, allowing compound
species to exploit high light availability but
also to tolerate drought. On the other hand, the
negative relationship between BT and SD could
be explained by a lower need of denser stems
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for external herbivory defense (as suggested by
Paine et al., 2010) and fire resistance (Brando et
al., 2012).

Stem density was correlated strongly with
the first and third axes, and to a lesser extent
to the second, underlying its key role in dry
forest species variation. SD was also negatively
correlated with maximum height, supporting
the trade-off between rapid growth versus high
survival and investment in structural tissues
(Wright et al., 2010). Furthermore, wood density
and maximum height have been identified as the
principal traits that determine species growth rate
and its variation in relation to changes in light
availability and size (Riger et al., 2012).Wood
density has also been shown to determine species
drought tolerance by its close relationship to
stem hydraulic conductivity and vulnerability to
cavitation (Markesteinj et al., 2010). In relation to
traits associated with the leaf economic spectrum,
the strong positive relationship between SD
and LDMC found in this study agrees with
observations in other tropical dry forests (Poorter
& Markesteinj, 2008; Markesteinj et al., 2011);
species with a conservative use of resources
present a higher mass investment in plant tissues
including leaves, stem and roots at the expense
of a more efficient hydraulic system. In the these
studies however a strong relationship between
SD and SLA was also observed, contrary to our
results, whereas an independent variation of SLA
in relation to SD has been more common in wet
tropical forests (Wright et al., 2007; Baraloto et
al., 2010).

Seed size and light environment

Variation in seed size has been identified as an
independent dimension of the ecological strategy
of plants, as well as variation in leaf size and
in traits related to the leaf economics spectrum
(Wrightetal., 2007). Our results, however, showed
high correlation of seed mass with species scores
on the first axis of variation that relates to the dry

mass investment in leaves and stem, suggesting
that dry forests species with high individual seed
mass (SM) also have a tendency for high cost
leaves. In agreement, higher seed mass has been
observed in shade tolerant compared to shade
intolerant species of dry forest in India (Khurana
et al., 2006).

The strong relationship observed between
SM and LA determined the former’s correlation
with the third axis of the ordination analysis. This
link corresponds with one of the main patterns
of specialization identified by Diaz et al., (2004)
using a world wide database of temperate
ecosystems and agrees with the positive relation
between seed size and leaf area, not maximum
height, found in moist forests in Panama (Riiger et
al., 2012). In contrast, for trees of Amazonian wet
forests seed size was related to maximum height
and not to leaf area (Wright et al., 2007; Patino et
al., 2012). In seasonally dry forest, wind dispersed
species characterized usually by seeds of small
size are more abundant than in wet forest (Centry,
1995; Khurana et al., 2006) and this characteristic
could weaken the relation between seed size and
maximum height in this ecosystem. On the other
hand, the sample we used to analyze relationships
with seed size was smaller than for other traits
and most of the collection of fruits was conducted
during the wet season, so an underrepresentation
of fruit dispersed during the dry season could
have occurred. It is possible that a larger sample
could weaken the relationships observed but it is
unlikely that the general pattern would change.

Maximum height and CE are proxies of the
vertical position of the species in the forest and
these were correlated with the third axis of the
PCA, determined by LA and SD. Trees with larger
leaves and lower stem density are then expected to
be observed in gaps and in higher vertical stratums
of these forests. The relationship between the
third axis and CE however showed high variation
and the pattern observed is better explained as a
tendency for trees with low crown exposure to
present small leaves, whereas trees with high CE
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show high variation in leaf size. Maximum height
and crown exposure (CE) on the other hand did not
correlate with the first axis, suggesting that different
leaf resource strategies can be present at different
light environments. This study however did not
consider the regeneration light requirements of
the species, which have been observed to relate
better to leaf traits than the adult light niche in
moist forests, when measured as the maximum
height and average adult crown exposure (Poorter,
2007). For example, in tropical forest of Bolivia
light-demanding species compared to shade-
tolerant were characterized by larger leaves as
well as larger internode cross-sectional area,
longer petioles, and a larger biomass fraction in
petioles (Poorter, 2009). Future studies require
incorporating measures of the regeneration niche
of the species, to test for the consistency of the
relationships observed.

Plant functional types

Classification of species according to leaf
phenology and phylogenetic clade revealed
different strategies of plant trait coordination.
Deciduous species differed from evergreen
species in their distribution along the first axis of
the ordination and showed a tendency to have
an acquisitive use of resources with higher SLA
and lower LDMC, Fps and SD. These results agree
with studies in other Neotropical seasonally dry
forest, where differences in stem density and leaf
density, toughness and dry matter content were
observed between both leaf habits (Easdale et
al., 2007; Pringle et al., 2010; Markesteijn et al.,
20711). Timing of leaf shading and extent can vary
considerably among species in relation to soil
water potential due to differences in stem water
content and hydraulic conductivity (Pineda-Garcia
et al., 2013). As wood density has been shown to
relate closely to both of these traits (Pineda-Garcia
et al, 2011; Markestein et al., 2011), we expect
that some of this variation has been covered by

incorporating this trait in the ordination analysis.
However, there was an evident overlap of trait
values reflecting the difficulty of classifying species
based solely on leaf phenology in agreement
with observations by Powers & Tiffin (2010) and
Chatuverdi et al. (2011).

In a complementary manner, phylogeny was
an important factor differentiating species along
the second axis of variation that considers leaf
organization and thickness. Although a broad
classification approach was used, our results
confirm that Fabaceae is a distinctive functional
group that has developed a series of characteristics
that favour drought tolerance and could explain
their high abundance in this ecosystem (Powers
& Tiffin, 2010). A great proportion of the legumes
registered in the area were deciduous and except
for one all were compound-leaved, they also
presented a lower LT and higher SLA than the
remaining Eudicots. Compound species have been
related to faster diameter growth rates and lower
wood density in wet forests (Malhado et al., 2010),
which would allow legumes to take advantage of
high light availability conditions. Other studies
have found that among tree species of the
Amazon, Fabaceae were characterized by thin
leaves and high mineral nutrients concentrations,
although a wide variation in wood density was
observed (Baraloto et al., 2010).

In terms of life forms, classification of species
specifically in lianas and trees did not reflect
variation in leaf and stem morphological traits.
Considering that some of the traits measured are
associated with the growth-survival trade-off (Wright
et al., 2010), our results agree with other studies in
not finding differences in the slope or range of this
trade-off between these two life forms (Gilbert et al.,
2006). In addition, no differences in physiological
and morphological functional traits between lianas
and trees were observed at the sapling stage by
Van der Sande (2013), although lianas did present
lower cavitation resistance and higher hydraulic
conductivity than trees. These authors suggested
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that the lack of differences in functional traits
between the two life forms could change in later
ontogenetic stages when lianas would invest less
in stem biomass and more in photosynthetic leaf
area, however our results on adult traits did not find
differences between them either and both life forms
showed a wide trait variability.

CONCLUSIONS

In agreement with observations in other seasonally
dry tropical forests, leaf and stem traits showed
strong relationships in the plant community
studied, potentially conferring coordinated
tolerance to shade and drought. Variation in traits
such as leaf dry matter content, leaf thickness
and stem density, were highly explained by
differences at the species levels, whereas other
traits such as specific leaf area and bark thickness
were influenced by environmental conditions,
characteristics of the source individual and
other unmeasured factors. For future studies of
the functional ecology of plant communities,
we recommend the use of traits with low
inter-specific variability or a strict control of
differences between source individuals for traits
with high inter-specific variability. The three axis
of variation identified in this study correspond
to independent dimensions of the ecological
strategy of plants previously identified, such as
the resource economics spectrum and the leaf
area and stem density trade-off. In addition, seed
mass and measures of the adult light requirements
showed significant relationships with these axes,
supporting evidence for coordination at the
whole-plant level. Analysis of plant traits between
functional groups classified by phylogeny and leaf
phenology confirmed that legumes and deciduous
species are distinct groups in this ecosystem,
whereas classification by life form only showed
differences among groups of species for palms
and bamboos.
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