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Abstract
Understanding how species assembly is influenced by the interplay of climate, local environmental conditions and humancaused disturbances remains a central question in ecology and conservation. Here, we assess how plant species abundance
is determined by combinations of functional traits (ecological strategies) and interacting gradients of rainfall, soil conditions
(fertility and field capacity) and chronic anthropogenic disturbance in a Caatinga dry tropical forest, Brazil. We tested for
trait–environment relationships using multivariate methods (RLQ) accounting for groups of species sharing similar responses
to gradients and similar expression of multiple traits (i.e. response groups). Overall, species’ abundances changed predictably in
response to rainfall and soil fertility, and were mediated by functional traits, i.e. species with particular trait combinations tended
to respond similarly to multifactorial conditions. Briefly, three ecological strategies emerged: species with low wood density
and soft (i.e. lower dry matter content), thick leaves converged into a trait syndrome characterizing a drought-avoidance strategy
through water storage. They were particularly abundant under extremely low precipitation and relatively high soil field capacity.
Under conditions of increasing rainfall and decreasing soil field capacity, species with high wood density were favored, consistent
with a drought-tolerance strategy. However, these species fell into two groups relative to leaf-investment: more conservative
leaves (low SLA) on relatively fertile soils vs. thinner and softer (i.e. high SLA) leaves on unfertile soils. In seasonally dry
tropical forests, low SLA on relatively fertile soils may represent a water conservation strategy. Unexpectedly, no ecological
strategy emerged in response to disturbance. The patterns we uncovered help to understand the interplay between precipitation,
soil fertility and anthropogenic disturbance in plant species filtering in seasonally dry tropical forests. Moreover, our results
underline that impacts of future climate change will depend on how rainfall patterns covary with finer-scale environmental
factors such as soil fertility and field capacity.
© 2019 Gesellschaft für Ökologie. Published by Elsevier GmbH. All rights reserved.
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Introduction
The understanding of how and why plant traits vary
among species and how they respond to environmental conditions has been a major challenge in community ecology
(Schimper, 1903; Grime & Pierce, 2012). A better understanding of trait–environment relationships may enhance
our ability to predict vegetation responses to both natural and human-generated environmental gradients (McGill,
Enquist, Weiher, & Westoby, 2006). Functional traits mediate species responses to environmental conditions, and thus
are considered a meaningful approach to address species distribution patterns along resource and disturbance gradients
(Westoby & Wright, 2006). However, co-occurring species
may also present substantial trait variation, sometimes
even greater than among-site variation along environmental gradients (Wright et al., 2004; de Bello et al., 2009).
Understanding trait–environment relationships is particularly challenging because multiple environmental drivers act
simultaneously on community assembly (Bagousse-Pinguet
et al., 2017; Rito, Arroyo-Rodríguez, Queiroz, Leal, &
Tabarelli, 2017) and species responses may depend on
multiple ecological dimensions represented by co-varying
traits (Laughlin & Messier, 2015; Muscarella & Uriarte,
2016).
Two functional dimensions are globally ubiquitous in
plants (Díaz et al., 2016; Pierce et al., 2017). The first is
related to the size of whole plants (i.e. maximum height) and
their organs (e.g. leaf area), while the other reflects variation
in resource-use and is related to the leaf (e.g. specific leaf
area) and stem (e.g. wood density) economic spectra (Wright
et al., 2004; Chave et al., 2009). The economic spectra suggest trade-offs where plants vary from acquisitive species that
are able to exploit resources and grow rapidly, to conservative species which grow slowly and invest in durable tissues
(see Reich, 2014). Additionally, larger seeds allow for higher
seedling performance under low resource availability, while
small seeds allow for greater seed output which favors recruitment across less stressful sites (i.e. the tolerance-fecundity
trade-off, sensu Muller-Landau, 2010). The exploration of
relationships between combinations of co-varying traits, i.e.
ecological strategies, and environmental gradients can help
to elucidate both assembly mechanisms and responses to
environmental changes, either natural or human-induced
(Muscarella & Uriarte, 2016; Dwyer & Laughlin, 2017).
Specifically, recognizing groups of species that share similar
traits and respond similarly to environmental gradients (i.e.
“response groups,̈ Lavorel & Garnier, 2002) will help to identify mechanisms underlying plant-environment relationships
and will also allow to improve guidelines for environmental
management.
Seasonally dry tropical forests are naturally exposed to
low levels of precipitation and a long and severe dry season annually, with clear impacts on plant species distribution
and species assembly/community organization (Grossiord
et al., 2017; Rito et al., 2017). These ecological forces

are expected to gain importance as climate change models
have predicted more severe drought events (Pachauri et al.,
2015). Additionally, many dry forests support low-income
rural populations which exert significant and continuous pressures on biodiversity (Ribeiro, Arroyo-Rodriguez, Santos,
Tabarelli, & Leal, 2015; Rito et al., 2017; Ribeiro et al.,
2019). Chronic anthropogenic disturbances (sensu Singh,
1998) occur through grazing and the continuous extraction of
firewood and non-timber forest products, which can for example disrupt nutrient cycling and reduce soil fertility (Villela,
Nascimento, Aragão, & Da Gama, 2006). Seasonal drought
acts as a strong environmental filter for plants in seasonally dry forests and gives rise to adaptive traits related to
avoiding drought stress (i.e. maintaining a high water status
under conditions of low water availability through maximizing water uptake and storage and minimizing water loss), or
tolerating of drought stress (i.e. maintaining tissue function
despite of a low water status) (Borchert, 1994; O’Brien et al.,
2017; Ramírez-Valiente & Cavender-Bares, 2017; Bartlett,
Detto, & Pacala, 2019). Plant community functional composition also responds strongly to gradients of soil fertility
that can be of both natural and human-induced origin, as
well as to disturbance (Condit, Engelbrecht, Pino, Pérez,
& Turner, 2013; Pinho et al., 2018; Sfair, De Bello, De
Franca, Baldauf, & Tabarelli, 2018). Nutrient-rich soils generally favor plants with acquisitive traits (Jager, Richardson,
Bellingham, Clearwater, & Laughlin, 2015; Pinho et al.,
2018), and increasing disturbance generally favors fastgrowing, colonizer strategies exhibiting for example small
seeds and soft leaves and trunks (i.e. “ruderal” strategy;
Grime & Pierce, 2012).
However, when water is scarce, as in seasonally dry tropical forests, plants must deal with a complex interplay of
stressors that involve multiple trade-offs, which may give
rise to distinct trait combinations (Wright, Reich, & Westoby,
2001; Bartlett et al., 2019). Variation of stem and leaf
economic traits may additionally be decoupled (Baraloto
et al., 2010), and give rise to distinct functional strategies to deal with varying combinations of water/nutrient
availability and disturbances. In fact, contrasting functional
strategies may coexist in dry forests (Bagousse-Pinguet et al.,
2017). For example, increasingly intense droughts as well
as reduced soil fertility both generally favor shorter stature
(Bagousse-Pinguet et al., 2017) and conservative resourceuse traits, which leads to slow growth (see Reich, 2014),
but benefit plants under low resource availability by low
metabolic resource demand and minimizing resource loss
through dense, durable tissues (Grime & Pierce, 2012). On
the other hand, the production of cheap leaves with soft tissues, which is linked to an acquisitive strategy, may also
favor plants in seasonally dry forests by allowing them to
abscise leaves and avoid transpirational water loss during
the dry season (i.e. dry season deciduousness), but also to
take advantage of high water availability in the short wet
season for carbon assimilation for growth and reproduction (Borchert, 1994; Ramírez-Valiente & Cavender-Bares,

B.X. Pinho et al. / Basic and Applied Ecology 40 (2019) 1–11

2017). To complicate matters more, disturbance can vary
along natural environmental gradients, and these may operate simultaneously and impose contrasting or synergistic
effects on plant assemblages (Peltzer, Kurokawa, & Wardle,
2016; Rito et al., 2017; Sfair et al., 2018). However, to date
our knowledge on the complex interactions between various natural environmental gradients and disturbance, and
their effects on filtering of various traits is unfortunately still
too limited to make specific predictions on trait combinations.
Here we aimed to identify trait–environment relationships that help to explain plant community composition
across natural gradients in combination with human-caused
disturbances in the Caatinga seasonally dry tropical forest biome in Brazil (Silva, Leal, & Tabarelli, 2017). We
explored how functional strategies of woody plants change
in response to natural gradients of rainfall and soil conditions, as well as to different types of chronic anthropogenic
disturbances. Specifically, we (1) determined the functional
traits that are most responsive to environmental conditions
(resources and disturbance); and (2) identified groups of
species with similar trait combinations that respond similarly to environmental gradients (response groups). For
this, we considered leaf, wood, seed and whole-plant traits
related to both size and resource-use spectra. We expected
that traits would covary in various different ways along
multiple, interacting environmental gradients, and thus give
rise to several distinct trait combinations that allow to
cope with specific environmental constraints, rather than
the general pattern that reduced resource availability (water
and nutrients) leads to dominance of more conservative
traits, while increasing disturbance favors colonizing, fastgrowing strategies (Grime & Pierce, 2012; Greenwood et al.,
2017).

Materials and methods
Study site
The study was carried out in the Catimbau National Park,
located in Pernambuco state, Brazil (Fig. 1). This is one
of the few protected areas of Caatinga, with an area of c.
60,000 ha. The vegetation is dominated by shrubs and trees,
mostly deciduous. The climate is semi-arid (Koeppen’s classification Bsh), with a mean annual temperature of 23 ◦ C and
a high variation of annual rainfall across the landscape (from
480 to 1100 mm/year). Approximately 70% of the Catimbau
National Park has sandy soils. Despite being a protected area,
approximately 300 families live inside the park due to poor
implementation of land regulations. Such low-income populations depend on extensive goat farming, slash-and-burn
agriculture and extraction of forest products, which exert significant pressures on biodiversity (Melo, 2017; Rito et al.,
2017).

3

Floristic and trait data
We established twenty 20 m × 50 m vegetation plots, at
least 2 km but mostly considerably further apart from each
other (Fig. 1), along orthogonal gradients of precipitation
(500–1000 mm) and chronic anthropogenic disturbance (see
below for further details on gradients). All plots were established on flat terrain to control for potential effects of slope. In
each plot, all woody plants with diameter at soil level ≥3 cm
and height ≥1 m were recorded and identified to species. For
further detail on the floristic inventory, see Rito et al. (2017).
Among the recorded individuals in each plot, 10–20% were
randomly sampled for trait measurements (following Paine,
Baraloto, & Díaz, 2015). For all species with ≥5 sampled
individuals, we calculated species mean trait values across all
individuals for further analyses (5–95 individuals measured
per species and trait; see Supplementary Appendix A: Table
1). We thus included trait data for 46 species from 18 botanical families (Supplementary Appendix A: Table 1), which
accounted for 35% of the total number of species recorded in
all plots. The 46 species comprised c. 80% of the individual
plants in each plot, which allowed meaningful calculations
of community functional composition (Pérez-Harguindeguy
et al., 2013). In this study we did not include intraspecific
variability of traits across sites, because a previous study
had shown that it is weak along the environmental gradients considered (Sfair et al., 2018). For further details on
trait sampling, see Sfair et al. (2018).
We assessed seven resource-use and size-related traits that
are expected to reflect the basic trade-offs in leaves, wood,
seeds and whole-plant among tree species (Díaz et al., 2016):
1. leaf area (LA); 2. specific leaf area (SLA); 3. leaf dry matter content (LDMC); 4. leaf thickness (Lth); 5. stem specific
density (SSD); 6. seed size (SS); and 7. maximum height
(Hmax). The maximum plant height (Hmax) of each species
was defined according to Poorter, Bongers, and Bongers,
(2006), using data from the community inventory (Rito et al.,
2017). Seed size was assessed as the seed length, which is
positively related to seed mass (R2 = 0.76) in the flora of
the Catimbau National Park (unpublished data). Seed lengths
were gathered from the literature and herbaria specimens (e.g.
UFPE, Reflora database), since most species did not produce
fruit during the study period. All other traits were measured
following Pérez-Harguindeguy et al. (2013).

Environmental gradients
We considered the effects of multiple environmental and
disturbance gradients in the studied landscape. As environmental variables, we included mean annual precipitation
(MAP), soil fertility (SF) and soil field capacity. The mean
annual precipitation in each plot was obtained from the
updated WorldClim global climate data repository of monthly
average data over all available years (1970–2000) with 1-km
spatial resolution (Fig. 1), using the ‘maptools’ package for
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Fig. 1. Location of (A) the Caatinga domain (dark polygon) and the study site in Brazil (star), and (B) outline of the Catimbau National Park
with the sampling plots along the precipitation gradient.

R (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005). Mean
annual precipitation ranged from 510 to 940 mm among
plots (see Fig. 1). We collected in each plot 10 soil samples
(0–30 cm deep) and measured physicochemical properties
following the procedures recommended by the Brazilian
Ministry of Agriculture (Claessen, 1997). Soil fertility (SF)
was assessed as a “soil evaluation factor” (sensu Lu, Moran,
& Mausel, 2002) according to the following formula:
SF = [Ca + Mg + K – log(1 + Al)] ∗ OM + 5
where Ca, Mg, K, Al are the concentrations of the respective exchangeable ions (cmolc dm−3 ), and is OM = organic
matter (g kg-1 ). Ca, Mg, and K are plant nutrients, whereas
Al is toxic to plant growth and correlates negatively with soil
pH. OM is related to various soil fertility factors, e.g. nutrient
availability, soil structure, air infiltration and water infiltration
and retention (Lu et al., 2002). Soil field capacity, i.e. the percentage of water the soil can hold at saturation, which varies
mainly with soil texture and clay content, was measured as
the soil water content (%) at 0.33 atm. Each soil attribute considered varied widely across plots, and the ranges, means and
standard deviations are provided in Supplementary Appendix
A: Table 2.

Disturbance gradients
Human-caused disturbance in the study region is related to
how people use natural resources rather than to deforestation,
due to the poor conditions for profitable agriculture (Melo,
2017). In our study we used a subset from many variables,
that were shown to represent the main axes of chronic disturbance in the area (Arnan et al., 2018): We considered a wood
extraction index (WEI) and a grazing pressure index (GPI)
(Arnan et al., 2018). The WEI is based on the basal area of
all cut stems and the ratio between aboveground biomass of

living plants to woody debris in the plot, where a higher ratio
indicates that wood debris is more extracted for firewood. The
GPI considers goat trail length and the frequency of goat and
cattle dung. For further details, see Supplementary Appendix
B and Arnan et al. (2018).

Data analysis
We first examined pairwise correlations between traits (see
Supplementary Appendix A: Table 3), and pairwise correlations between the environmental and disturbance variables
(see Supplementary Appendix A: Table 4). Correlations were
weak overall (all r < 0.7), and all traits and environmental
and disturbance variables were maintained in further analyses.
We applied the Hellinger transformation on the species
abundance matrix due to the high number of rare species
(Legendre & Gallagher, 2001), and standardized trait values
to zero mean and unit standard deviation, using decostand
function from the vegan R package (Oksanen et al., 2015).
To test for trait–environment relationships we performed
an RLQ analysis, which allows to assess the covariation
between the environmental and disturbance gradients (matrix
R) and species trait values (matrix Q), which were linked to a
species abundance table (matrix L) in a three-way ordination
(Kleyer et al., 2012). The RLQ analysis explores the joint
structure of the three tables by looking for a combination
of traits and environmental variables of maximal covariance, weighted by the species abundances (Dolédec, Chessel,
Braak, & Champely, 1996). The first RLQ axis summarizes
the dominant trait–environment covariation, and each successive axis defines the remaining covariation. As environmental
variables are commonly correlated and simultaneously affect
community structure, RLQ is useful for reducing multidimensionality, allowing the exploration of the combined effect
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Fig. 2. Trait syndromes detected from cluster analysis along the first two RLQ axes (A) and boxplots illustrating functional trait values for
each trait syndrome (B–H). The boxplots show the median among species traits (bold line), 25–75% quartiles (boxes), and <1.5 times the
interquartile range (whiskers). Filled circles show extreme outliers. Colors refer to the respective trait syndrome. Precipitation and soil fertility
account for most of the variance on RLQ axis 1 and 2, respectively. See Table 1 for correlations of species traits and environmental variables
with the RLQ axes.

of such variables on species assembly. Moreover, by investigating species’ relative positions along RLQ axes and their
grouping in this multidimensional space, RLQ allows trait
syndromes occupying different positions along multiple environmental gradients to be identified (see Gámez-Virués et al.,
2015). We used the ade package in R for the RLQ analysis (Dolédec et al., 1996). To test the significance of the

relations between traits and environmental/disturbance gradients, we first tested the links between site scores on the
RLQ axes and the predictor variables, then we tested the
links between species scores on the RLQ axes and their trait
values (Gámez-Virués et al., 2015), using Pearson correlations with Bonferroni adjustments for multiple comparisons,
which reduces the risk of type I errors.
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Table 1. Correlation coefficients for the relationships between environmental variables and plant functional traits with the first two RLQ
axes. Bold r-values represent significant correlations according to Bonferroni adjustment for multiple tests.
RLQ axis 1
**

RLQ axis 2

Environmental variables

Precipitation
Soil field capacity
Soil fertility
Wood extraction intensity
Grazing pressure intensity

−0.86
0.66*
−0.20
−0.48
−0.36

0.26
0.26
0.72**
−0.60
−0.29

Functional traits

Wood density
Leaf thickness
Leaf dry matter content
Specific leaf area
Leaf area
Seed size
Maximum height

−0.89**
0.54**
−0.54**
−0.14**
0.21
0.45
−0.13

−0.05
0.63*
0.67**
−0.88**
0.33
0.23
0.09

* p < 0.05.

** p < 0.01.

Finally, to identify groups of species with similar responses
to the gradients considered (i.e. response groups) and
with similar expressions of multiple traits underlying their
response (i.e. ecological strategies), we identified clusters
within RLQ component-space, based on Euclidean distances
between species on the first two RLQ axes and clustered
by Ward’s hierarchical clustering (Everitt, Landau, Leese,
& Stahl, 2011). The optimal number of clusters was verified by applying an automated Calinski-Harabasz stopping
criterion that chose the most parsimonious number of clusters (Caliński & Harabasz, 1974), as recommended by Kleyer
et al. (2012). In a comparison of multiple clustering methods
with contrasting artificial datasets this was identified as the
best procedure to predict the true cluster structure (Milligan
& Cooper, 1985). In short, it uses a ratio of between-clustermeans and within-cluster sums of squares for determining
the number of clusters. All the analyses were performed in R
3.5.0 (R Core Team, 2017).

Results
The first two axes of the RLQ analysis captured 91% of
the joint covariance of species’ abundances (L-table), trait
values (Q-table) and environmental gradients (R-table). The
first axis (55% of the covariance) describes mostly the precipitation gradient and changes in species’ wood density,
leaf thickness and LDMC (Table 1). The second axis (36%
of the covariance) summarizes the orthogonal gradient of
soil fertility and leaf traits related to resource use, i.e. SLA,
LDMC and leaf thickness (Table 1). Changes of species
traits were not related to any of the disturbance gradients
(Table 1).
The position of species in multivariate space separated into
three groups based on a cluster analysis, according to their
similarity in trait expressions and responses to environmental
conditions (i.e. response groups) (Fig. 2A). Low precipita-

tion and high soil field capacity (Fig. 2A — axis 1, right
side) favored species with a trait syndrome (S2) of mid to low
wood density (Fig. 2B) and low LDMC (Fig. 2D). Conversely,
increasing precipitation and decreasing soil field capacity
favored species with denser wood and thinner but denser
(high LDMC) leaves (Fig. 3; Table 1). Under relatively high
precipitation two trait combinations (S1 and S3) occurred
and the dominance depended on soil fertility (Fig. 2A —
axis 2): species on less fertile soils were characterized by
mid to high wood density and acquisitive leaves (S1, i.e.
high SLA, low LDMC and leaf thickness; Fig. 2C–E); on
the other hand, species abundant on more fertile soils were
characterized by conservative leaf traits (S3, low SLA and
thin leaves with high dry matter content; Fig. 2C–E). The
remaining traits were not responsive to environmental gradients and varied randomly and were unrelated to species’
abundances (Fig. 3).

Discussion
Species assembly in seasonally dry tropical forests
depends on the interaction among multiple traits and environmental variables. Specifically, we found that different
environmental gradients may concomitantly affect several
uncorrelated traits. Thus, although individual traits correlate
with specific environmental variables, species with particular combinations of traits tend to respond similarly to
environmental conditions when considering multiple factors
(Muscarella & Uriarte, 2016). Specifically, our results suggest one main strategy of drought-avoidance through water
storage, which is particularly favored under extremely low
levels of precipitation but relatively high soil field capacity.
This strategy is characterized by low wood density, which is
correlated with high wood water content in species in our system (negative relation wood density-water content R2 = 0.70;
n = 23 species; Jung & Engelbrecht, unpublished data) as
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Fig. 3. Significant correlations between species trait values and their scores on the first and second RLQ axes, representing variation in
rainfall and soil fertility, respectively (see Table 1). 95% ellipses are shown for statistically significant Pearson’s correlations after Bonferroni
adjustment for multiple tests. Circles represent each plant species and colours refer to their respective trait syndromes (i.e. species groups
based on co-varying traits and similar responses to environmental variables, see Fig. 2).

well as other tropical dry forests (Borchert, 1994); and by
high leaf thickness and low LDMC, which indicates high
leaf water contents. On the other hand, as rainfall increases
and soil field capacity decreases, two strategies emerged.
Both are characterized by high stem density, which is correlated with high resistance to hydraulic failures (Hacke,
Sperry, Pockman, Davis, & McCulloh, 2001; Santiago et al.,
2018) and thus allows for maintenance of water transport
under low water status (i.e. drought-tolerance). The two
strategies separate along the gradient of soil fertility, with
species with high SLA prevailing under low nutrients, and
those with low SLA prevailing in more fertile soils (see
Fig. 4 for a summary). The functional characteristics distinguishing these strategies seem to be related to variation
in leaf longevity and water-use efficiency expressed as a
trade-off between LDMC and SLA. The patterns we have
uncovered thus shed light on the poorly understood interplay between precipitation and soil fertility in plant species

filtering in dry forests (Bagousse-Pinguet et al., 2017), highlighting the importance of including multiple environmental
filters as drivers of species assembly. Surprisingly, humancaused disturbances did not affect the prevalence of species
functional strategies in tree communities, suggesting that
chronic sources of disturbance have a negligible effect on
trait–environment relationships.
Overall, the reported changes in prevalence of species
functional traits in response to soil conditions and precipitation support previous studies that have indicated variation
in water availability and soil-fertility as key assembly forces
in seasonally dry tropical forests (Bagousse-Pinguet et al.,
2017; Grossiord et al., 2017; Rito et al., 2017). Species’
abundances changed in response to environmental variation,
mediated by their functional traits (Table1, Fig. 3), highlighting the role of niche partitioning along gradients of resource
availability in driving species distributions and community
assembly processes (Engelbrecht et al., 2007; Tilman, 1982).
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Fig. 4. Schematic representation of the ‘trait syndromes’ in the form
of a triangle where one combination of trait values representing
tree species with soft-wood and soft leaves (S2) increase in prevalence under low precipitation while two syndromes of hard-wooded
species, one with conservative (S3) and other with acquisitive leaves
(S1), are favored under high precipitation varying according to soil
fertility.

Nevertheless, species with conservative traits are thought to
dominate under low resource (water and nutrients) availability, while species with more acquisitive traits tend to
prevail with increasing resource availability across biomes
(Wright et al., 2004; Chave et al., 2009; Hodgson et al.,
2011; Grime & Pierce, 2012; Jager et al., 2015; Muscarella
& Uriarte, 2016; Greenwood et al., 2017; Pinho et al., 2018).
Conversely, our results suggest that at small spatial scales
the opposite may be true for trees inhabiting seasonally
dry tropical forests (Borchert, 1994; Ramírez-Valiente &
Cavender-Bares, 2017).
The patterns we observed were not consistent with those
observed across ecosystems (Greenwood et al., 2017; Bartlett
et al., 2019). However, they can be interpreted in the specific
case of seasonally dry habitats. For instance, while high wood
density may prevent hydraulic failure under low soil moisture
(Hacke et al., 2001), low wood density can allow plants to
store water and thus maintain physiological activity during
the dry season (i.e. reduced risk of damaging water potentials), what is particularly important under severe drought
conditions (Borchert, 1994; Gleason, Butler, & Waryszak,
2013; Ramírez-Valiente & Cavender-Bares, 2017). Also, the
prevalence of more conservative traits (i.e. thicker and denser
leaves, resulting in lower specific leaf area; Hodgson et al.,
2011) in less fertile soils may be a result of selection for
increased water-use efficiency under high soil fertility, as leaf
nitrogen (i.e. photosynthetic enzymes) per area can increase
when SLA decreases, thus favouring a larger drawdown of

internal CO2 , which allows for reduced water loss at a given
photosynthetic rate (i.e. higher efficiency at low stomatal conductance; Wright et al., 2001; Maire et al., 2015). This has
been previously suggested to be particularly likely under high
soil fertility in arid ecosystems that would demand higher
water-use efficiency (Bagousse-Pinguet et al., 2017). Overall,
the patterns we found demonstrate that different trait syndromes tend to dominate under contrasting environmental
conditions at the landscape-scale, and thus may coexist in seasonally dry ecosystems (Borchert, 1994; Bagousse-Pinguet
et al., 2017).
Finally, our findings do not support the notion that human
chronic disturbances operate as species assembly force by
affecting plant trait distributions. Previous studies in Caatinga
dry forest documented the impact of particular sources of
chronic disturbances such as grazing pressure or wood extraction on both the taxonomic and phylogenetic diversity of tree
assemblage (Ribeiro et al., 2016; Rito et al., 2017). However, community-level functional composition can respond
independently of its taxonomic or phylogenetic dimension
(Cavender-Bares, Kozak, Fine, & Kembel, 2009; Purschke
et al., 2013). In fact, a recent study in Caatinga documented reduced functional diversity due to the prevalence of
more acquisitive strategies as chronic disturbances increase
(Ribeiro et al., 2019). However, the authors have not considered other potential drivers as we did. Furthermore, the
much wider variation exhibited by precipitation across our
focal plots (∼500–1000 mm) may represent a stronger force
selecting for trait syndromes, turning disturbance a force of
marginal importance. In fact, while other studies have considered the isolated effects of different drivers, here we assessed
the concomitant effects of multiple – and interacting – environmental and disturbance variables, which may reduce the
significance of a specific factor when it has a secondary effect.
For instance, wood extraction had a relatively high correlation coefficient with the second RLQ axis (r = 0.60), but this
was not significant after correction for multiple comparisons,
given the much stronger effect of soil fertility captured by this
axis (Table 1).
Our findings highlight the usefulness of multi-trait
approaches considering the joint effects of multiple gradients
for predicting the responses of seasonally dry tropical forests
to environmental changes, as species assembly depends on
the interaction among multiple traits and environmental variables. For instance, the predicted impacts of global climate
change in dry forests will depend on how rainfall patterns
covary with other environmental factors across space, particularly soil fertility and the ability of soils to retain water. More
importantly, as plant responses to changing conditions are
mediated by functional traits, negative effects are expected
to be non-randomly distributed across species. Improving our
understanding of the mechanistic factors governing species
assembly in tropical dry forests will require the integration of population demographic parameters, intraspecific trait
variation, spatial distributions and historical factors. Such
an approach would ultimately promote a better understand-
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ing of the multiple mechanisms (physiological, ecological
and evolutionary) underlying trait–environment relationships.
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