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Plant functional strategies are well-established for low- and high-stress
environments, such as rainforests and deserts. However, in environments
with low- and high-stress level fluctuation within years, the relationship
between plant functional strategies and their spatial distribution is still poorly
understood. We aimed to answer: what are the relationships between
above- and below-ground traits in the largest seasonally dry tropical forest
in the Americas? Do the studied species form detectable groups from the
functional perspective? If detectable, do functional groups present distinct
spatial distributions across the domain, mediated by spatial heterogeneity
of aridity? We sampled a range of 16 above- and below-ground traits
from the 20 most common native tree species. We performed a PCA to
understand the species’ main coordinated trade-offs, a k-mean analysis to
test for functional groups, and a Ripley's-K analysis followed by a GLS
model to test spatial functional groups distribution through the aridity
gradient. We found five coordinated trade-offs representing different aspects
of the conservative-acquisitive strategy continuum. Drought-tolerance and
avoidance mechanisms seem linked to the conservative-acquisitive gradient,
where water storage is positively correlated with acquisitive strategies.
Different from other seasonally dry regions, acquisitive strategies are not
limited by aridity. The presence of short-term water storage traits might
buffer rainfall fluctuations, allowing acquisitive species to occupy more arid
regions. This study sheds new light on the functional complexity of species
from Americas seasonally dry tropical forests, for the first time including the
relationship of its below- and above-ground traits.

below-ground traits, Caatinga, drought, functional strategies, bark-traits, seasonally
dry topical forests, stressful environment
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Introduction

How the plant functional strategies evolved to allow
colonization and survival under different environmental
conditions is a topic of worldwide interest in plant ecology
(Kattge et al, 2011). General classification schemes have
proposed that plant species should be distributed along a
gradient of conservative to acquisitive strategies (Grime, 1977;
Westoby, 1998; Diaz et al., 2016). Conservative species have a
high capacity to handle limited resources in stressful conditions
due to the presence of functional traits that minimize resource
loss and acquisition rates (e.g., low specific leaf area, high wood
densities, and narrow vessel diameter), leading to slow but safe
growth patterns (Chave et al., 2000; Reich, 2014). Conversely,
acquisitive plant species present coordinated functional traits
that maximize plant resource acquisition rates, leading to
a fast but vulnerable growth pattern (e.g., high specific leaf
area, low wood densities, and wide vessel diameter). On a
global scale, environments with high-stress conditions select
for conservative species, while environments with low-stress
levels select acquisitive plant species on a continuum of
conservative-acquisitive growth strategies (Pierce et al., 2013;
Reich, 2014).

However, some biomes, such as seasonally dry tropical
forests (SDTF), have seasonal cycles alternating between high-
and low-stress conditions within a year. Annually, the periods
of high stress are characterized by several months of drought
and high temperatures, while favorable periods are represented
by shorter intervals of higher water availability and lower
temperatures (Pennington et al., 2009). During the dry season,
the abiotic stress exposes plants to conditions far from their
physiological optimum (Domec et al., 2006; Martinez-Vilalta
et al,, 2014), substantially decreasing their survival and growth
(Engelbrecht and Kursar, 2003). Although dry climates generally
favor the establishment of conservative species (Cornwell and
Ackerly, 2009; Costa-Saura et al, 2016), the rainy season
can promote favorable conditions for the establishment of
acquisitive species (Chesson et al., 2004).

Deciduousness is a common trait exhibited by trees in SDTF.
By losing leaves at the beginning of the dry season, deciduous
species limit their activity to the rainy season, avoiding embolism
and hydraulic damage during drought (Poorter and Markesteijn,
2008; de Lima et al., 2021). To be able to maintain an active
metabolism during stressful periods, late deciduous or evergreen
species depend on traits and trait coordination to avoid the
drying out of tissues. This has been produced through the
selection of ecological strategies combining higher wood density
(Eamus, 1999; Brodribb et al., 2003; Lima et al., 2012; Oliveira
et al., 2015), lower hydraulic conductivity (Markesteijn et al.,
2011a; Méndez-Alonzo et al, 2012), and smaller leaf size
(Markesteijn et al., 2011b). On the contrary, for species with
acquisitive characteristics to withstand seasonal drought and
successfully photosynthesise quickly in the early rains, it is
necessary not only for an early deciduousness but also traits that
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mitigate water loss during their activity, such as a higher water
transport efficiency and higher efficiency in closing stomata
(Markesteijn et al., 2011b; Sterck et al., 2011).

It may seem intuitive to expect that acquisitive species
occurrence may be limited to moister sections along drought
gradients (Engelbrecht et al., 2007; Frenette-Dussault et al., 2012;
Esquivel-Muelbert et al., 2016). However, Sterck et al. (2011)
found no relationship between the distribution of strategies
along a drought gradient in mathematical models, and work
conducted in situ, such as that of Pinho et al. (2019) and de
Lima et al. (2021), showed that contrary to expected, acquisitive
species in seasonally dry tropical forests might prevail at areas
with higher aridity.

The seasonally dry tropical forest is a complex environment
with important and large areas still insufficiently studied from
a functional perspective, such as the largest SDTF of the
Americas, the Caatinga (Leal et al., 2005; Albuquerque et al,
2012). This system holds vast biodiversity and a high level of
species endemism, and is under great threat (Antongiovanni
et al., 2018). In this sense, studies that elucidate the complexity
and functional diversity of these environments are of extreme
importance in terms of scientific novelty and support of
ecological management. To fully understand the spectrum of
functional strategies selected by this seasonal stress dynamic,
it is necessary to consider multiple functional traits, their
coordinated relations, and their spatial distribution. In this
work, we studied 16 key morphological and biochemical
functional traits of 20 ecologically important and abundant
tree species of the Brazilian SDTF to respond to the following
questions: (i) What are the relationships between leaf, stem,
and root morphological and biochemical functional traits in
Caatinga tree species? (ii) Do the studied species form detectable
groups from the functional perspective? and (iii) If detectable,
do functional groups present distinct spatial distributions across
the Caatinga domain, mediated by variations in aridity? We
expected to find an association between drought-avoidance
and acquisitive strategies where species that present short
canopy duration will also present a high specific leaf area, low
wood density, high hydraulic weighted diameter, low water
use efficiency, and a high specific root length representing the
acquisitive side of the plants’ functional spectrum. We also
expect that conservative and acquisitive species will be evenly
distributed throughout the domain, where in areas of higher
aridity, acquisitive strategies will prevail, but their activity will
be restricted to rainfall periods.

Methods
Study area

The study was conducted in the Caatinga Forest domain,

the largest and most diverse seasonally dry tropical forest in
the Americas (Pennington et al., 2009; Moro et al., 2016). The
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domain covers 826,411 km?, occupying 11% of the Brazilian
territory (da Silva et al, 2017). The Caatinga is an exclusive
Brazilian domain with rich soil and a high degree of endemic
plant and animal species (Leal et al., 2005). Its vegetation
varies in structure within the biome, from sparsely woody
and cactaceous vegetation to forests. The Caatinga SDTF
is fragmented, with approximately 50% of its original area
suffering from degradation (Antongiovanni et al., 2018), while
the remaining 50% continues in a state of chronic disturbance,
caused by deforestation, urban infrastructure, grazing, and fire
(Santos et al., 2015; Ribeiro et al., 2016; Antongiovanni et al.,
2020).

Trait surveys were performed at the Agu National Forest
(Rio Grande do Norte, Brazil). The National Forest encompasses
528 ha, where vegetation is characterized by trees varying in
height between 2 and 15 m. The soil of this region is geologically
characterized by crystalline plains, mostly flat in relief and rich
in nutrients, although shallow and with a constant presence of
stones (Moro et al.,, 2016). The vegetational structure of the
National Forest region is known as the “Sdo Francisco and
Sertaneja depressions” (Silva and Souza, 2018). It is one of the
driest regions of the domain, with a mean annual temperature
of 24°C and a mean annual precipitation of 607 mm. In the last
decade, the study site specifically presented on average during
the rainy season 27.76°C (max 28.36°C and min 27.06°C) mean
temperature and 84.09 mm/year (max 677.3 mm/year and min
221.6 mm/year) precipitation, and 27.58°C (max 28.07°C and
min 27.07°C) mean temperature and 8.06 mm/year (max 113.1
mm/year and min 23.1 mm/year) precipitation during the dry
season (data obtained from the Google Earth (sf) application of
the Climate Research Unity database (Harris et al., 2014), with
coordinates latitude —5.75 and longitude —36.75).

Species and individual selection

We selected 20 native tree species out of the total pool
of 40 species registered for the National Forest of Agu (Lira
et al, 2010; de Amorim et al, 2016), although the domain
contains more than 886 tree species registered (BFG, 2015).
All tree species selected (Table 1) are abundant in the National
Forest and present a wide distribution over the domain,
with some species extending their distribution to neighboring
domains. We marked 15 individual trees from each species
in a circular area of 1km diameter range. The trees met
the criteria of being an adult (with a robust structure of
diameter (minimum 30 cm of diameter at soil height) and height
(minimum of 3 m), and reproductive for at least 7 years) and
being isolated from other trees to ensure that the samples
taken from below ground were collected from the specifically
selected tree. From all individuals marked, we randomly selected
three trees from each species to be sampled for trait collection
and measurement.
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Trait selection and measurements

To encompass above- and below-ground structures, we
sampled the following leaf, stem, and root traits (see all traits
and respective values in Table 2):

Structural traits

The two structural traits representing plant size, height, and
canopy diameter, were obtained in the field using a measuring
tape. Plant height was recorded using a vertical measurement
of the tree from the soil to the top of the canopy. Canopy
diameter was established by measuring two perpendicular
canopy widths directed north and west, respectively. Both
canopy measurements were subsequently averaged to calculate
the canopy diameter.

Leaf traits

For leaf area (LA) and specific leaf area (SLA), three fully
developed sun-exposed leaves were sampled from each tree
and stored in plastic bags to maintain leaf moisture for image
scanning. Fresh leaf areas were scanned with a Hp Officejet
4,500 desktop scanner. The petiole was excluded because it can
influence leaf weight and not represent the photosynthetic area
(Pérez-Harguindeguy et al., 2013). The leaves were dried for 48 h
at 60°C and weighed. Leaf area (LA) was calculated using an
Image] program (Schneider et al.,, 2012), and the specific leaf
area (SLA) was calculated using the dimensions of the fresh leaf
area divided by its dry weight. For C:N ratio and Leaf 3'3C
isotope, three leaves per individual were sampled. The leaves
were dried for 48 h at 60°C, macerated, encapsulated, and sent
to UC Davis Laboratory for chemical and isotopic analysis,
respectively. Data on leaf phenological patterns as the number
of months that tree species were dormant, without any leaves in
their canopy were obtained from the literature (Machado et al.,
1997; Lima and Rodal, 2010; Lima et al., 2012; Souza et al.,
2014). If species where reported in more than one publication,
we calculated an average value per species.

Wood traits

The largest branch above the main stem (50 mm of diameter
on average) was selected to be sampled to minimize plant
injuries. After sampling the entire branch, two sub-samples
were made. The first sample was stored in a plastic bag
to maintain humidity for the measurements of bark density,
wood density, bark and wood water storage capacity, and
bark thickness. Bark was detached from its wood, and the
fresh volume of both structures was obtained using water
displacement. Bark and wood were submerged for 48h, re-
weighed to obtain saturated weight, and then, subsequently
dried at 70°C for 1 week, and weighed again to obtain
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TABLE 1 Information of scientific name and popular name of the studied trees from the Caatinga seasonally dry tropical forest.

10.3389/ffgc.2022.930099

Family Focal species Abbreviation Common name
Anacardiaceae Spondias tuberosa S. tub Umbuzeiro
Apocynaceae Aspidosperma pyrifolium A. pyr Pereiro
Bignoniaceae Handroanthus impetiginosus H. imp Ipé roxo

Bixaceae Cochlospermum vitifolium C. vit Algodao do mato
Boraginaceae Cordia glazioviana C. gla Pau-branco
Burseraceae Commiphora leptophloeos C. lept Imburana de cheiro
Capparaceae Cynophalla hastata C. has Feijao-Bravo
Combretaceae Combretum leprosum C. lepr Mofumbo
Erythroxylaceae Erythroxylum nummularia E. num Favelinha
Euphorbiaceae Croton blanchetianus C. bla Marmeleiro
Euphorbiaceae Sebastiania macrocarpa S. mac Burra-leiteira
Fabaceae-Caesalpinoideae Bauhinia cheilantha B. che Mororé
Fabaceae-Caesalpinoideae Poincianella gardneriana P. gar Catingueira
Fabaceae-Mimosoideae Mimosa tenuiflora M. ten Jurema-Preta
Fabaceae-Mimosoideae Piptadenia stipulacea P. sti Jurema-Branca
Fabaceae-Mimosoideae Anadenanthera colubrina A. col Angico
Fabaceae-Papilionoideae Amburana cearensis A. cea Cumaru
Fabaceae-Caesalpinoideae Libidibia ferrea L. fer Pau-Ferro
Fabaceae-Mimosoideae Pityrocarpa moniliformis P. Mon Catanduva
Malvaceae Pseudobombax marginatum P. mar Imbiratanha
TABLE 2 Functional traits values.

Caatinga species

Trait Unit Mean Max Min SD
Structural trait

Tree height cm 532.83 1,100 200 192.46
Canopy diameter m 5.35 18.5 0.74 3.38
Leaf traits

Leaf area mm? 7,039 32,929 215 6,865.19
Specific leaf area m*/Kg 15.34 27.3 5.383 4.271
Deciduousness (number of months without leaves) Months 5.15 9 0 2.21
913C leaf isotope Ratio —27.77 —25.69 —29.54 0.841
C:N leaf ratio Ratio 2291 43.21 13.73 5.769
Wood traits

Wood density g/cm? 0.68 0.91 0.262 0.175
Wood water storage capacity % 0.72 2.412 0.365 0.504
Hydraulic diameter mm 0.06 0.118 0.02 0.025
Bark density g/cm? 0.58 0.846 0.276 0.162
Bark water storage capacity % 1.82 5.0 0.80 0.795
Bark thickness mm 1.39 5.0 0.25 0.963
Root traits

Root volume occupied vol/cm? 0.04 0.20 0.0009 0.046
Root density g/cm? 0.58 0.881 0.192 0.181
Specific root area cm’/g 9.95 38.77 3.37 6.23

Mean, maximum, minimum, and standard deviation of 16 functional traits from 20 adult Caatinga tree species (see the species list in Table 1 and species individual trait values in

Supplementary Table 2).
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the dry weight. Bark and wood densities were calculated by
dividing the dry weight by fresh volume. Bark and wood water
storage capacities were calculated using the difference between
the saturated and dry weight divided by dry weight. Bark
thickness was calculated by averaging two perpendicular lengths
measured from the vascular cambium to the external part of the
fresh bark.

The second sample was stored in a paper bag to
measure the hydraulic weighted diameter, which reflects the

ZD‘*) 14,

(=
diameter of each vessel and N

conductance of conduits, calculated through

where D is the is the
number of vessels measured. Samples were naturally dried
and polished with different grains of sandpaper until the
anatomical structures were evident to measure the vessels.
Images of all samples were obtained using a stereo microscope
Nikon SMZ1500. For each sample, the diameters of 100
vessels were measured using ImagePro Plus software, guided by
Scholz et al. (2013) method.

Root traits

For each individual, we dug (40 cm radius, 20 cm of depth)
around the stem of each tree and carefully removed all the soil
until the roots were exposed. To obtain the specific root area
(SRA), calculated as the fresh root surface area divided by root
dry mass (cm>-g?), we sampled roots with a diameter smaller
than I mm. The samples were stored in zip locks, inside a cooler
bag to avoid moisture loss. The fresh root area was scanned
with a Hp Officejet 4,500 desktop scanner, and measured with
the free software ImageJ. Subsequently, the root samples were
dried at 70°C for 1 week and weighed to obtain their dry mass.
To obtain the root volume, all roots larger than 1 mm had their
largest diameter (D) and length (L) measured. Its volume (V)
was calculated for each root individually, using the cylinder
formula (V = m.r2.L). The total root volume per individual
was calculated by adding all measurements. The average of
all root volumes of each tree species represented the species
root volume. The root density trait was calculated by dividing
root dry mass by root fresh volume (g/cm?). To do so, we
sampled one root, larger than 10 mm in diameter, and calculated
its volume using the water displacement method. The samples
were dried at 70°C for 1 week and weighed to obtain the root
dry mass. See what the traits’ names, units, and the respective
physiological function of each trait are responsible for in
Supplementary Table 1.

Statistical analysis
To establish coordinated trade-offs between species traits,

we performed a Principal Component Analysis with the
16 traits sampled. After data normalization procedures, we
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used the principal function of the “psych” package (Revelle,
2018) and the varimax argument for axis adjustment. The
number of significant axes was evaluated by a chi-squared
test. We considered interpretable and relevant ecological
variables, the ones with scores higher than 0.5 following
(Hair et al., 2014).

We used a dataset with all species and their trait values to
test if the functional traits formed discrete functional groups.
We performed a k-means analysis using the cascadeKM function
of the “vegan” package (Oksanen et al, 2018) after data
normalization procedures, using a log scale for the variables
SLA, SRA, and water storage capacity and squared root for
wood density. The model was run with 1,000 iterations using
the default Calinski criteria (Dimitriadou et al., 2002). To test
differences in the values of functional traits between the groups
established by k-means analysis, we performed a MANOVA,
followed by standardized individual linear models to test which
traits differed between functional groups.

To understand the distribution of plant functional strategies
in the domain, we used the species occurrence data gathered
by Silva and Souza (2018). We grouped species based on
the two functional groups previously established by k-means
analysis. We then extract the coordinates of each species’
presence belonging to the conservative and acquisitive group
formed by k-means results, and plot over the domain map
obtained from worldclim containing mean precipitation and
mean temperatures data with a resolution of 2.5min. We
calculated the aridity index according to Quan et al. (2013),
dividing the mean precipitation by the mean temperatures and
adding a constant number of 33 (AI = precipitation/mean
temperature + 33). We built the map of functional groups
distribution over the annual aridity index availability by using
the QGis software. To test if the distribution of functional groups
was related to environmental stress, we accessed the data of
Caatinga mean annual rainfall (mm) from Worldclim (Fick and
Hijmans, 2017), considering 30 years of data between 1970 and
2000s, and average temperature.

To test if there is a spatial association between two
sets of points or whether they are distributed in space
independently over the Caatinga, we performed Ripley’s K-
test, using the kI2fun function from the “ads” R package. We
tested our model against the null hypothesis of independence
once we were interested in understanding if there is spatial
aggregation/repulsion between functional groups (Pelissier and
Goreaud, 2015). The confidence limits were established by 1,000
Monte Carlo simulations.

To test if species from distinct functional groups occur
at distinct aridity levels, we first extracted the aridity index
values of all geographic points in which the species of each
group occurred. We also extract aridity index values from 120
random geographic points to test the group found against
values of randomly distributed occurrences. We, then, tested
the data for spatial autocorrelation using the Moran.I function
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TABLE 3 PCA analysis.

10.3389/ffgc.2022.930099

Trait PC1 PC2 PC3 PC4 PC5
Height 0.45 0.69 0.23 —0.04 0.23
Canopy diameter 0.28 0.61 —0.05 0.001 0.43
SLA 0.05 0.15 0.95 0.03 0.001
LA 0.55 —0.03 0.02 0.07 0.74
Wood density —0.83 0.10 —0.19 0.40 0.04
Root volume occupied per ground unit 0.24 0.29 —0.43 0.51 0.2
Bark density —0.65 —0.19 0.15 0.68 —0.07
Wood water storage capacity 0.85 —0.06 0.09 —0.40 —0.02
Bark thickness 0.86 0.18 —0.02 0.04 0.14
Bark water storage capacity 0.28 0.21 0.10 —0.88 0.05
Hydraulic diameter 0.82 0.07 0.07 0.04 0.14
913C leaf isotope —0.21 0.22 —0.27 —0.01 0.80
C:N ratio 0.06 —0.88 0.19 0.10 0.08
Months without leaves 0.22 —0.26 0.73 —0.10 —0.26
Root density —0.86 —0.14 —0.08 0.29 0.11
SRA 0.3 —0.52 —0.13 —0.57 —0.15
Eigenvalues 4.90 2.27 2.25 1.90 1.65
Variation explained 0.38 0.18 0.15 0.17 0.13

The five significant axes of a Principal component analysis considering 20 tree species of Seasonally tropical dry forest (see the species list in Table 1). The bold values are all the significant

values considered in each axis.

from the “ape” package (Paradis and Schliep, 2018). Because
our data presented spatial autocorrelation, we performed a
generalized least-squared analysis using the gls function from
the “nlme” package (Pinheiro et al., 2019). This analysis tests
if there is a difference in the aridity values between groups,
incorporating the latitude and longitude coordinates to remove
the spatial bias of species occurrence (Morans I-test, Observed
= —0.004, expected = —0.002, sd = 0.048, p = 0.95) (see
analysis details in Supplementary Figure 1). The first variable
is used as the intercept by the package default for a matter
of comparison between variables. All geospatial procedures
were made using the “rdgal” (Bivand et al., 2019) and “raster”
(Hijmans, 2019) packages.

Results

Caatinga traits, trade-offs, and strategies

Trait coordination of 20 Caatinga tree species (Table 2)
resulted in five significant axes, explaining 38, 18, 17, 15,
and 13% of the data variation (Table 3, see trait values in
Supplementary Table 2). The first axis (Figure 1) was positively
correlated with acquisitive trait values such as high leaf area, high
hydraulic weighted diameter, high bark thickness, and storage
capacity and negatively correlated with conservative traits such
as high tissue densities of wood, root, and bark. The second axis
was positively correlated with acquisitive traits such as larger
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stature, canopy diameter, and low C:N leaf ratio. The third axis
was positively correlated with species with high SLA and longer
periods without leaves. The fourth axis was positively correlated
to a high volume of root occupied per soil ground unit and high
bark density and negatively correlated to high bark water storage
capacity. The fifth axis was positively correlated with high leaf
area and high water use efficiency represented by Leaf 813C.

Functional groups

Caatinga tree species were divided into two main functional
groups according to k-means analysis. The first group was
represented by four species: Spondias tuberosa, Pseudobombax
marginatum, Cochlospermum vitifolium, and Commiphora
leptophloeos, characterized by higher height, higher canopy
diameter, low tissue density, high water storage capacity, high
bark thickness, high hydraulic weighted diameter capacity, and
high SRA (i.e., acquisitive group, Figure 2). The second group
included 16 species characterized by lower height, lower canopy
diameter, higher number of months with canopy holding leaves,
higher tissue density, low storage capacity, low bark thickness,
low hydraulic weighted diameter, and low Specific root area
(SRA) (i.e., conservative group, Figure 2). The value of traits
differed between groups (df = 1, pillai = 0.911, f = 21.84, p <
0.001), but see individual linear models testing each trait values
between functional groups in Supplementary Table 3.
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FIGURE 1
Coordinated trade-offs based on PCA analysis. Results of the two first axis of a PCA analysis with selected trait scores higher than 0.5. On PC1
Leaf area, Wood density, Wood storage capacity, Bark density, Bark thickness, hydraulic weighted diameter capacity, and Root density. PC2 is
represented by Canopy diameter and Leaf C:N ratio. The analysis was performed with 20 tree species of Caatinga SDTF. The full name of the
species can be found in Table 1.

Functional groups’ spatial distribution

The aridity index varied over the domain from 7.14
to 28.79. The lowest aridity region was found at the
border of the Caatinga with the northern part of the
Cerrado domain, and the highest aridity region occurred
at the center of the Caatinga domain. The acquisitive and
conservative functional groups are distributed independently
of one another along the Caatinga domain (Figure 3, and
graphical analysis in Supplementary Figure 2). However, the
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regions in which acquisitive species occur presented slightly
higher aridity (Table 4) than the regions where conservative
species occur.

Discussion

In this work, we found that the Caatinga tree species
exhibit different strategies that build the acquisitive-conservative
continuum. In general, we found a classic spectrum of
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Functional group trait values. The mean and standard deviation of the functional attributes of conservative and acquisitive groups were found
based on Calinski's criteria. Traits that differ between groups by GLM models are represented by *, see all analysis values in
Supplementary Table 3.
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FIGURE 3

Spatial distribution of functional groups along the Caatinga biome. The acquisitive functional group is represented by O and the conservative
functional group is represented by A. The colors indicate the aridity index calculated for 30 years, from 1970 to 2000, the dark colors indicate
greater aridity areas and the light colors represent lower aridity areas.

acquisitive species presenting lower wood density above and
below ground, thicker bark, higher hydraulic weighted diameter,
larger leaf area, and higher water storage capacity both for
bark and wood. On the other hand, we also found classic
conservative species presenting a higher wood density above
and below ground, thinner bark, smaller hydraulic weighted
diameter, smaller leaf area, and lower water storage capacity both
for bark and wood. The two groups of strategies were distinct
in terms of their functional traits, but other trait combinations
such as water storage that together overcome water loss could
expand the distribution of acquisitive species, helping plants
to survive during wet and dry seasons. As a consequence, the
acquisitive plant group does not seem to be spatially limited by
aridity, on the contrary, this group co-occurs with conservative
strategy trees across a wide aridity gradient throughout
the biome.
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Coordinated trade-offs and plant
strategies

Trees with widespread distribution in the Caatinga
Seasonally Dry Tropical Forest present multiple strategies
that sustain the acquisitive-stress tolerant continuum of plant
strategies. The first of these dimensions (represented by axis
PCl) embraces the well-known trade-off between vulnerable
but fast-growing tissues on the acquisitive side vs. safe but
slow-growing tissues on the conservative side (Grime, 1977;
Diaz et al., 2016).

In tropical forests, this trade-off is expected to be found
when studying above- and below-ground traits (Borchert, 1994;
Stratton et al., 2000; Baraloto et al., 2011; Fortunel et al., 2012;
Vleminckx et al., 2021). However, these traits are not often
measured in seasonally dry tropical forests (Roumet et al., 2016;
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TABLE 4 Results from the gls model test if the functional groups
occur at distinct aridity areas.

Coefficient value Std. error t-value p-value
Intercept 2.951 0.272 10.814 <0.001
Random —0.042 0.011 —3.566 0.004
Conservative 0.000 0.000 0.014 0.988

Aridity data were extracted from conservative and acquisitive functional groups
coordinates and 120 random points. Averages were compared using the “gls” function
to control for spatial autocorrelation. The “acquisitive” group was used as an intercept.

Kongetal, 2019). Our results show that these patterns also apply
to SDTE, agreeing with the works of Pineda-Garcia et al. (2015),
who developed an SDTF with similar pluviosity and temperature
that found the same pattern for root traits.

The hydraulic weighted diameter, a water-related trait
that is also rarely studied in such forests and has been
fundamental to explaining the coordination of species trait
strategies (Zanne et al., 2010; Méndez-Alonzo et al., 2013;
Reich, 2014). The greater hydraulic weighted diameter was
related to the acquisitive side of the spectrum. Similar results
were found in a study conducted in a dry forest with rainfall
and temperature equivalent to the Caatinga at the island of
Lana’i—Hawaii (Stratton et al., 2000), Colombia (Gonzélez et al.,
2021), and Mexico (Markesteijn et al., 2011b). Additionally,
wood water storage capacity was positively correlated with more
acquisitive strategies. This pattern was detected in Neotropical
savannas by Scholz et al. (2007) and in a dry tropical forest by
Pineda-Garcia et al. (2013), where more acquisitive trees could
use stored water to sustain their metabolism during sporadic
drought periods over the wet season. Oliveira et al. (2021)
have proposed that water-related traits tend to be associated
with the conservative-acquisitive spectrum in the tropics, which
was shown by Markesteijn et al. (2011a) and Méndez-Alonzo
et al. (2012) and here, we confirm empirically this hypothesis
for SDTE highlighting the importance of studying traits that
are linked to water use and storage to better understand
plant strategies.

The second trait combination dimension (represented by
axis PC2) revealed that plants with larger height and canopy
size are the ones that have higher nitrogen leaf content (lower
C/N ratio), which is an indicator of higher photosynthetic
capacity. The third dimension (represented by axis PC3) reveals
that plants with high photosynthetic capacity (higher SLA)
compensate for their higher water loss through transpiration by
losing their leaves for longer periods (Grime, 1977; Poorter et al.,
2006). Acquisitive species that have higher growth rates are also
susceptible to high water losses through leaves, lower resistance
to xylem embolism, and a higher likelihood of dehydration
(Eamus, 1999; Pérez-Ramos et al., 2013; Eller et al., 2018).
Therefore, this strategy coordinates with other fundamental
survival mechanisms in the Caatinga Tropical Dry Forest,
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namely the ability to avoid or tolerate drought periods (Pineda-
Garcfaetal, 2013; Pinho et al., 2019). Acquisitive species present
short canopy duration (e.g., species maintain their leaves for 3-5
months); by losing their leaves, they decrease water loss during
dry periods, likely reducing the mortality risk. Conservative
species (low SLA values), on the other hand, have low water
loss through their leaves, greater resistance to xylem embolism,
and a lower likelihood of dehydration (Lima et al, 2012).
Consequently, these species can safely hold their canopy leaves
for longer periods (e.g., 7 months per year, including species that
never lose their leaves) resisting drought (Brodribb et al., 2003;
Lima et al., 2018).

The fourth and fifth dimensions (Axis PC4 and PC5)
represent the traits that increase water acquisition or reduce
water loss. The fourth axis shows that species that have a
high bark density and therefore restricted water storage, have a
greater root volume in the soil, increasing their water acquisition
capacity. The fifth axis shows that species that have a larger
leaf area, which may consequently lead to higher water loss,
have greater stomatal regulation (9C'3 less negative), which is
a compensation to avoid water loss.

The importance of short-term storage

The Caatinga Dry Tropical Forest is a complex and unique
environment, being one of the semiarid systems with the highest
rainfall unpredictability (Garreaud et al., 2008). Despite the
ability of the species to lose their leaves avoiding periods of
drought, they have to deal with the gaps in rainfall, even during
the rainy season. In environments where the rainy season is
not predictable, short-term water storage traits, such as bark
and wood structures, can be of great importance to ensure
the functioning of many physiological processes (Borchert,
1994; Poorter et al., 2014; Rosell et al., 2014; Loram-Lourengo
et al, 2020). It is important to point out that bark tissues
had a water storage capacity 40% higher than wood tissue.
Although bark water storage may represent short-term water
availability compared to other specific storage organs, it can play
an important role for plant species with acquisitive strategies
(Rosell et al.,, 2014). Short-term water storage structures are
easily accessed and can act as a water buffer, maintaining water
flux, and decreasing the risk of plant damage or embolism due
to dehydration (Stratton et al., 2000; Pérez-Ramos et al., 2013).
Thus, short-term water storage might be an essential mechanism
by which plants with acquisitive strategies can be successful in
semiarid lands, and may also be an important trait to be studied
in other types of ecosystems.

Spatial distribution of species strategies

Our results indicate that species with acquisitive strategies
are not limited by aridity and, therefore can persist in drier

frontiersin.org


https://doi.org/10.3389/ffgc.2022.930099
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Fagundes et al.

areas of the Caatinga forest (Pinho et al., 2019). Recent findings
indicate that this might be a general pattern for the Caatinga
domain (de Oliveira et al., 2020). We found four plant strategies
that could explain how acquisitive tree species overcome water
stress in higher aridity areas: (1) by increasing root allocation,
they increase their ability to rapidly acquire water during the
limited growing season; (2) by increasing water storage in
bark and wood, they increase their capacity to acquire water
during sporadic dry periods; (3) by having higher control
of their stomatal closure, they avoid water loss; and (4) by
losing their leaves, they avoid water stress (de Lima et al,
2021). Additionally, the strategy of rapid growth and acquisitive
behavior during the rainy season and leaf loss during the dry
season allows these species to maintain viable populations in
areas subject to considerable drought periods, as our results on
the spatial distribution of functional groups suggest. The rainy
season in the SDTF is short and irregular (Garreaud et al., 2008;
da Silva et al,, 2017). A greater capacity to acquire available
water for short periods may be competitively advantageous
to conservative species, which need longer periods for water
acquisition (Reich, 2014). The acquired water can be stored in
the soft tissues, ensuring photosynthesis (Poorter et al., 2014)
and preventing embolism (Stratton et al., 2000) during the
absence of rain. Finally, the rapid response of leaf loss at the
end of the rainy season can give the acquisitive species a rapid
dormancy process, avoiding drought stress (Eamus, 1999).

Future perspectives

Our work considers a unique set of multiple above- and
below-ground traits measured in 20 of the most widespread tree
species of this biome. Future works should increase the number
of trees studied to better represent the overall 886 tree species
occurring in the Caatinga domain (BFG, 2015). This broader
study would allow the comparison of functional traits between
rare and widespread tree species. Future works should also
focus on increasing sampling efforts to address the contribution
of intraspecific variation to overall trait differences, as well
as increasing sampling localities to enhance the robustness
of plant strategy predictions for such diverse and complex
systems. Additionally, future climate change scenarios predict
more sparse and reduced rainfall in this region, which may
significantly affect the distribution of these species across
the domain. In this sense, studies that investigate how tree
community traits will be affected by future climate scenarios are
of extreme importance (Santos et al., 2014).
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