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The study of plant species and trait distributions can provide answers to many of
the ecological challenges of our times, from climate change to the biodiversity crisis.
Although traits are classically measured at the species level, understanding intraspecific
variation is necessary to determine the type of response species will have to climate
change. Here we measured and analyzed seven leaf traits (leaf area—LA, specific
leaf area—SLA, leaf thickness—LT, leaf dry mass content—LDMC, venation density —
VD, stomata length—SL, and stomata density—SD) across 14 locally dominant palm
species (10 individuals/species) distributed along hydro-topographic gradients (1.4—
37 m of terrain height above nearest drainage) of a central Amazonian forest to
disentangle the role of species identity, relatedness, and local hydrology on trait variation
and covariation. Our results show that trait variation is not always larger between species
than within species as expected. Intraspecific variation accounted for 23-74% of trait
variation depending on the trait. Most of the variation happened at species level for SL,
LA, LT, and SD but not for SLA, VD, and LDMC. For a third of the traits (LDMC, SLA,
and SD), we found some evidence of phylogenetic inertia. This lack of independency
among traits is confirmed by the maintenance of strong correlation among some of
those traits after controlling for local environmental conditions. Intraspecific variation,
however, was not related to height above nearest drainage for any of the traits. Most of
the trait-environment relationships were species-specific. Therefore, the change in palm
trait composition detected along topography, from higher community means of SLA and
LA, lower LT, LDMC, SL, and SD in the wet valleys to opposite traits in drier plateaus,
is mostly due to the turnover in species composition and relative abundance variation.
We conclude these palm species have well-defined hydrological niches, but their large
intraspecific variation in leaf traits does not contribute to the adjustment of individuals to
the local hydrological conditions in this Amazonian forest.

Keywords: Amazon forest, climate change, hydrological niche, trait covariation, phylogenetic conservatism,
community weighted mean, Arecaceae
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INTRODUCTION

In recent years, there has been increased interest in documenting
and understanding patterns of trait intraspecific variation, and
an emphasis in the importance of individual level traits to
understand several ecological processes (Messier et al., 2010;
Siefert et al., 2015). This is natural, since functional traits
per definition are individual-level properties (Violle et al,
2007) and the individuals are the direct units of response to
any environmental pressure, even if these later combine into
higher levels. If traits vary considerably among individuals and,
especially, if this variation is coupled to important environmental
drivers, it needs to be incorporated into analyses and models
to predict the responses of populations, communities, and
ecosystems to environmental change (Albert et al, 2011).
It has been frequently assumed that within-species variation
is smaller than among species. This is exemplified by the
large number of studies based on species means (e.g., Liu
et al,, 2021; Kelly et al, 2021) regardless of both theoretical
background (Bolnick et al., 2011; Violle et al., 2012) and empirical
evidence for intraspecific variation (e.g., Albert et al,, 2011;
Marenco et al,, 2017; Osnas et al., 2018; Dong et al., 2020),
pointing out that we still know little at which scales, life-forms,
taxa and across which environmental gradients intraspecific
variation is relevant to ecological processes. Moreover, there
is a virtual lack of information on these patterns of intra
to interspecific trait variation in palms, which have been
suggested to be particularly susceptible to droughts (Eiserhardt
et al., 2011; Esquivel-Muelbert et al., 2019; but see Emilio
et al,, 2019). Thus, understanding how much palm intraspecific
trait variation is linked to hydrological gradients will help
determine if species have the potential to adjust to new
climatic conditions or will need to migrate to follow their
climatic niches.

Climate seasonality is widely recognized as a driver of palm
species distribution (Blach-Overgaard et al., 2010; Eiserhardt
et al., 2011) and functional trait composition (Goldel et al,
2015) in large scales, but local hydrology is also strongly
associated to floristic patterns in the local scale (review in
Svenning, 2001; Vormisto et al., 2004; Costa et al., 2009). Local
hydrology is mostly determined by topography. In the upper
parts of topographic profiles the soil surface is vertically far
from the water table, and plants depend more on precipitation
for water supply; in the lower portions of the profile roots
may be in direct contact with the water table seasonally or
year-round (Fan et al, 2017). Filtering of functional traits
by these varying hydrological conditions may be the basis of
species composition changes along topographic gradients, as
described for trees (Cosme et al., 2017; Oliveira et al., 2019).
There is so far no study of this local hydrological filtering
effect on palms, regardless of the many studies pointing to
their clear turnover along topographic gradients. Understanding
how local hydrology affects trait selection under the same
macroclimate is critical to model and forecast the effects of
climate change, since the interaction of plant traits and local
hydrology modulates plant performance under extreme weather
conditions (Estebdn et al., 2021).

Local hydrology is an important ecological force driving
community assembly (Silvertown et al, 1999, 2015) and is
related with palm floristic variation (Costa et al., 2009; Schietti
et al., 2014). Although local hydrological gradients may drive
species selection, many species are generalists (Ruokolainen and
Vormisto, 2000), or at least have wide niche breadths, raising
the question of how they adjust to the varying soil moisture
conditions. The basic expectation would be that palms have
large plasticity or genetic variation (Melo et al., 2018), leading
to large intraspecific variation coupled to the local hydrological
variation. This has been much less examined so far, with studies
showing either large intraspecific trait variation well coupled
to hydro-topographic gradients (Schmitt et al., 2020) or small
contribution of intraspecific variation (Cornwell and Ackerly,
2009). Again, there are no studies of intraspecific variation on
palms regardless of the evidence for genetic variation from
local to broad scales. Genotypic negative frequency-dependent
selection has been shown to increase genetic diversity at local
scales (Browne and Karubian, 2018). At large scales, genetic
variation across species ranges has been detected in widespread
palms (Gomes et al, 2011; Melo et al., 2018), suggesting that
widespread palms may have enough genetic variation to adjust
to varying environments.

In the other hand, palms could be expected to have lower
plasticity in leaf traits than trees, given their lower architectural
flexibility, as compared to dicotyledonous trees (Tomlinson,
1990, 2006). An example of a very conserved trait of palms is
the evergreen stem-leaf apical continuum, which may limit the
options to adjust to hydrological variation, as palms are not
able to shed leaves in response to drought. Phylogenetic inertia
and/or strong selective pressures on certain traits could also
limit the capacity of intraspecific adjustment to environmental
variation. For example, the well-known discrepancy in palm
species richness between moist and wet habitats is more
related to palms retaining traits of the ancestral biome than to
differences in diversification rates between them (Céssia-Silva
et al., 2019). Those potential constraints have not prevented
palms from occupying a wide range of environments, from
deserts to tropical forests (Dransfield et al., 2008), suggesting
an ample adaptation capacity. At the same time, morphological
(LMA), chemical (N and P contents), and physiological
(assimilation and respiration rates) leaf traits were shown not
to be conserved along the palm phylogeny, but to converge
to similar values in different lineages as an adaptation to
shaded conditions of forest understories (Ma et al., 2015).
Thus, it is not yet clear what is the potential of palms for
intraspecific adjustments to environmental variation, given their
phylogenetic constraints.

Importantly, our limited understanding of trait variation
is not restricted to the palm family. Although several studies
have looked at intraspecific variation (e.g., Messier et al,
2010; Fajardo and Siefert, 2018; Fyllas et al., 2020), we are
still unable to generalize from those results. Intrinsic and
extrinsic processes operating from ecological to evolutionary
timescales make understanding trait variation a complex task.
As a consequence, the variance and shifts in trait-environment
relationships among different evolutionary lineages may result
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simply from the broad phylogenetic contexts in which most
studies are done, and thus obscure the understanding of the
drivers of intraspecific variation (Cavender-Bares et al., 2020).
This can be particularly problematic given that adaptations to
new environments normally involve a combination of traits
responding together to a range of selection pressures—not single
traits and pressures (Reznick and Ghalambor, 2001).

Traits are unlikely to vary independently, and the set of
traits (as phenotypes) may respond collectively to genetic and
environmental factors (Armbruster and Schwaegerle, 1996).
Traits can also show covariation that is not driven by the
current environment but by the selection of optimal adaptative
responses along their evolutionary histories. For example,
stomata morphology may have evolved in angiosperms as
response to a trade-off to maximize gas exchange while
minimizing the fraction of epidermis covered by stomata (de Boer
et al,, 2016) and while we can hypothesize about the adaptative
value of both traits separately, it is unlikely that they were
selected independently. Different lineages may also have evolved
alternative traits and trait combinations to respond to the same
pressures (Marks and Lechowicz, 2006); thus, understanding
drivers of intraspecific variation on traits requires understanding
of how traits are phylogenetically constrained within lineages
and the trait combinations that might be expressed in response
to environmental variation. For example, in a tropical forest,
most species are more likely to occur where their traits are
closely related to local community weighted mean (CWM) values
(Muscarella and Uriarte, 2016), but constraints to local functional
variation act more strongly on multivariate phenotypes than
on univariate traits. Hence, it is necessary to account for at
least some of those sources of variation if we want to increase
our ability to predict plastic plant responses to climate change
(Nicotra et al., 2010).

To understand which traits are likely to show variation in
palms, we first analyzed the sources of variation and covariation
on leaf traits of co-occurring species. Then, we related trait
variation at individual and community levels to local hydrological
gradients. Specifically, we asked:

(1) How much of leaf trait variation is due to (a) intraspecific
variation and (b) phylogenetic conservatism? We expect
trait variation between species to be larger than trait
variation within species. Models predict that individual
traits whose values have a low dependence on the values
of other traits will be more related to phylogeny than the
integrative traits, which are more likely to be related to
the environment (Marks, 2007) and therefore, show wider
intraspecific variation. Here we evaluate this prediction by
testing the phylogenetic signal for seven leaf traits and its
relationship with intraspecific variation. If trait variation is
phylogenetically constrained, we expect to observe lower
intraspecific variation among lineages where close relatives
are more similar in traits than expected by chance.

(2) What is the role of trait covariation on intraspecific
variation? Traits that are related to each other can shift
together as result of genetic constraints or due to intrinsic
coordination in response to environmental pressures, with

impact on intraspecific variation. If correlation among
traits results from genetic constraints, trait covariation
will be retained after controlling for trait-environment
variation. In this case, intraspecific variation is expected to
be low as trait combinations should be fixed. Alternatively,
traits can be ecologically coordinated while structurally
(or functionally) independent (Givnish, 1987). In this
case, trait covariation is not intrinsic but the result of
both traits being co-selected in each environment. Here,
correlations among traits will disappear after controlling
for the environmental effect and intraspecific variation is
expected to be high if traits show plastic responses to
the environment.

(3) How does environment (local hydrology) affect (a)
intraspecific and (b) community level variation on leaf
traits? If intraspecific variation is adaptative in relation
to local hydrology, we expect trait variation to relate
to the local hydrological gradient after controlling for
species and other environmental gradients (hereafter
local conditions). Alternatively, if intraspecific variation
emerges independently from hydrological gradients—for
example, as a result of trait covariation (hypothesis question
2), this relationship will not persist after controlling for
species or other environmental effects. At the community
level, we expect average community traits to be related
to local hydrological gradients even when trait variation
within species is decoupled from local hydrology variation,
if selection is operating over multivariate phenotypes
(hypothesis question 2) and those traits are not strongly
phylogenetically constrained (hypothesis question 1). In
this case, average community weighted traits will be the
result of species turnover and abundance variation instead
of trait responses to hydrological gradients within species.

MATERIALS AND METHODS
Study Site

The study was conducted at the Ducke Forest Reserve, a Long-
Term Ecological Research (PELD) site with an area of 10,000 ha,
located 26 km north of Manaus, Brazil (2° 55" S, 59° 59 W).
Climate is moist tropical (“Am” tropical according to Képpen-
Geiger classification), with a relative humidity of 75-86%, mean
annual rainfall of 2,500 mm (over the last 53 y), and 1-2 dry
months with <100 mm precipitation (Costa et al., 2020). The
predominant vegetation is dense lowland forest, locally known
as terra-firme forest. Topography is undulating with a dense
drainage network, resulting in plateaus that are dissected by
small streams and valleys, with an average height difference of
about 30-40 m between valleys and plateaus (Chauvel et al,
1987). In the valleys, the water table is around 0-2 m deep year-
round (Hodnett et al., 1997), while in plateaus and hillslopes, the
water table is below 30 m (Cuartas et al., 2012). Clay content is
higher in the plateaus and sand content is higher in the valleys
(Luizdo et al., 2004). The soils are acidic and poor in phosphorus,
calcium, magnesium, sodium, and potassium, and in general the
aluminum content is high (Chauvel et al., 1987). We refer to the
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combination of all those environmental characteristics and their
consequences (e.g., forest dynamics) as local conditions.

A grid of trails covering 8 x 8 km gives access to 72
permanent plots 1 km apart from each other (Magnusson et al.,
2005). Plots are 250 m long, with this long axis aligned with
the elevation contour to minimize variation on soil properties
and hydrology. We selected 14 plots covering the hydrological
gradient for the collection of data on functional characteristics
(cf. Supplementary Figure 1). Species abundance data came from
72-250 x 4 m plots sampled by Jean Louis Guillaumet (see
Costa et al., 2009) and made available in the data repository of
the Brazilian Biodiversity Research Program (PPBio, please see
section “Data Availability Statement”).

Collection of Leaf Trait Data

We collected data on the leaf traits of 10 individuals per species,
for the 14 most abundant species in the area (Costa et al,
2009; Supplementary Table 1). Individuals were selected along
the plots to cover the full range of hydrological conditions
occupied by each species (Supplementary Figure 1). For
understory palms, we selected only adult individuals, who were
recognized by the presence of reproductive structures. For the
canopy species, the selection was made based on individuals
3-12 m height. Canopy height in those forests is around 25-
30 m height; sampling was performed avoiding forest gaps and
other light patches. Thus, all individuals (regardless been from
canopy or understory species) were sampled under the same
average understory light conditions. We collected from each
individual showing evidence of healthy growth, ie., growing
apical meristem and at least three green intact leaves, one
healthy leaf (without or with minimum visually detectable
fungi, lichens, herbivory marks, or deformities), to represent the
optimal state of the organ. Whenever possible, we standardized
out sampling to collect the second or third leaf of the plant,
which represents a fully expanded mature dark green leaf, in
order to minimize the effect of leaf age on the measured traits.
A summary of collected samples, including plant height, is
available (Supplementary Table 1).

In the laboratory, we separated six leaflets (two from the
base, two from the middle, and two from the apex of the
leaf), three of which were used for anatomical measurements
and three for morpho-anatomical measurements. The values
of each anatomical and morpho-anatomical characteristics of
each individual were then calculated as the average of the three
leaflets representing the base, middle, and apex of the leaves.
Individuals of Bactris hirta and Geonoma aspidiifolia had entire
or semi-entire leaf blades, so the entire blade was weighed and
scanned, and we made only one measurement of thickness and
one anatomical cut per leaf of those species. On these leaflets, we
measured the thickness with a micrometer (between the central
rib and the margin) and the area (scanned and quantified with the
Image] software, Rasband (1997-2008), available at: http://rsb.
info.nih.gov/ij) according to the protocol of Perez-Harguindeguy
et al. (2013). After these measurements, leaflets were dried at
65°C for 72 h, and weighed with an accuracy of 0.0001 g. All the
leaflets of each leaf were weighed to obtain fresh weight.

We cut a square centimeter between the border and the
central rib of the three other leaflets to quantify the anatomical
structures. These pieces were fixed for 72 h in FAA solution
(formaldehyde, glacial acetic acid, and alcohol). After this
period, one of the pieces was prepared for visualization of
veins (with diaphanization in 2% sodium hypochlorite) and
another immersed in Franklin’s solution 1:1 (glacial acetic
acid and hydrogen peroxide) for dissociation of the epidermis
and visualization of stomata. Subsequently, both samples were
clarified in sodium hypochlorite 5%, dehydrated in an alcoholic
series (25-95%), and stained with safranin (Kraus and Arduin,
1997), and the slides were mounted for measurements.

The dry matter content (LDMC, mg g~ ') was calculated by the
ratio of the sum of the fresh weights to the sum of the dry weights
of the three leaflets per individual. Specific leaf area (SLA, cm?
g~ 1) was calculated by the sum of the areas of the three leaflets
divided by the sum of their dry weight. To estimate the total
light-absorbing surface of the leaves, we measured and weighted
a single leaflet and then scaled up by converting the summed
weight of all leaflets to area (Renninger and Phillips, 2011).

The vein density (mm?) was measured in three images per
leaflet, with 40x magnification, using the Leaf Gui software
(Price, 2012, available at: http://www.leafgui.org/). Stomata
density was measured in three images per leaflet, at 20x
magnification. The size of the stomata, estimated here by
the length of the guard cells (um), was also calculated from
the average of three images from each leaflet, recorded at
a 40x magnification. The images were analyzed using the
Image]J software.

Environmental Data

The local hydrology was represented by the vertical distance
of the terrain surface to the nearest drainage (HAND, Height
Above Nearest Drainage; Renno et al., 2008) at the plot level.
HAND (m) is an estimate of the soil water drainage capacity,
with low values indicating terrain close to the water table, and
high values are terrains with greater vertical distance to the water
table. The HAND values were obtained from Schietti et al. (2014).
Local hydrology, determined by changes in topography and
highly associated to soil texture, is the major gradient structuring
community composition in this area (Costa et al., 2009, 2015;
Schietti et al., 2014).

Data Analysis

Variation Partitioning

To understand how much of the leaf trait variation is due to
intraspecific variation (Question la), we performed a variance
component analysis using linear mixed models (LMM), in
which we partitioned trait variance between species and local
conditions. To estimate the components of trait variance, we
fitted an intercept-only linear mixed model, where random
differences from group to group are modeled as a group
dependent intercept (Snijders and Bosker, 2011) as in the
equation below:

T =14+(ls)+1lp)+R (1)

Frontiers in Forests and Global Change | www.frontiersin.org

September 2021 | Volume 4 | Article 715266


http://rsb.info.nih.gov/ij
http://rsb.info.nih.gov/ij
http://www.leafgui.org/
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles

Emilio et al.

Local Variation of Palm Leaf Traits

Ecological coordination Intrinsic coordination

Locally controlled data

Two ways for trait covariation

é g @ }' g g Trait1 Correlations will
— 7] S— g ¢ t distinguish
— o ) |9, \\ g no istinguis

ENVB TRAIT1  TRAIT2 ENVB TRAIT2  TRAIT3 between
ecological and
Traits 1 and 2 are ecologically Traits 2 and 3 are intrinsically intrinsic
coorthllAnated, Ameanmg ) that If)cal coordln?ted, meaning  that tAhe.” coordination
conditions mediates their correlations correlations also occur within i .
because both traits are co-selected in each environments  because they share Trait3 Trait2
environment structural or functional basis
. ° ° . Locally controlled data
ENVB ENVB T g =
5 * ) ® 7 Intrinsic coordination
o~ ) ~ (] .
= . ° = P s
© ‘S Trait 1
[ ° [ e : : 2
= (= s Correlations will
only persist for
- - - : traits that are
Trait1 Trait1 Trait3 Trait1 L.
intrinsically
coordinated
Raw data Trait3 Trait 2

FIGURE 1 | Diagram showing two ways for trait covariation. In this hypothetical example, a single species is distributed along two local environmental conditions
(ENV A = orange, ENV B = blue) and three traits are measured (Trait 1, Trait 2, and Trait 3) along the gradients in ENV A and ENV B. Correlations among traits occur
for Trait 1 vs. Trait 2 and for Trait 2 vs. Trait 3 when data from both environmental conditions are pooled together (large plots, left-hand side). However, correlations
may be stronger, weaker, or non-existent when the effect of environment is controlled (small plots, left-hand side). Therefore, we will only be able to discriminate
between ecological and intrinsic coordination when comparing correlations based on raw data with correlations based on locally controlled data.

Raw data
Ecological + intrinsic coordination

where each trait (T) was measured from an individual that
belongs to a species(s) found in a plot (p) with specific
local conditions. Here we implemented the model with plots
representing the spatial variation on local conditions given by the
environment, e.g., topography, soil, and hydrology (Nakagawa
and Schielzeth, 2010; Harrison et al., 2018). Then, we estimate
the among-species and among-plot variance in our trait of
interest from the comparison of the observed variance within and
between species and plots. This model also allows the estimation
of the residual variance term (R, here the amount of variation
that is not explained by species or plots) which includes both
natural within-species variability not related to plot variation,
and any measurement error. All parameters were estimated by
the residual maximum likelihood (REML) method with the Ime4
library (Bates et al., 2015).

Total explained variance was calculated by pooling among-
species (s), among-plots(p), and residual (R) variance together.
Variance was then partitioned among the three components
in relation to the total with s% representing the amount of
variation explained by species, p% representing the amount
of variation explained by plot, and R% representing the
unexplained variation. Intraspecific variation was calculated
from pooling together p% and R%. Using mixed models
for variance partitioning is advantageous when considering
numerous species or sites because of increased estimation
accuracy, as it does not use as many degrees of freedom as
ANOVA (Harrison et al., 2018).

Phylogenetic Signal

To understand how much of leaf trait variation is due to
phylogenetic conservatism (Question 1b), the presence of a
phylogenetic signal (i.e., is the tendency of related species to
resemble one another) was tested for each trait using two
most commonly used indexes, Pagel’s lambda (Pagel, 1999)
and Bloomberg’s K (Blomberg et al., 2003). Pagel’s lambda (\)
is a scaling parameter for the correlations of traits between
species relative to the expected under a Brownian motion
model of evolution. The value of N approximates (i) zero
when the relationship between species traits departs from the
expected under Brownian motion (i.e., traits are changing along
evolution independently of phylogeny) and (ii) one when the
relationship between species traits approaches the expected under
Brownian motion (i.e., tend toward phylogenetic conservation).
Bloomberg’s K is a scaled ratio of the variance among species
traits over the contrast’s variance. The value of Bloombergs K
approximates (i) zero when related species have traits more
similar than expected from their phylogenetic relationships, (ii)
one when the relationship between species traits approaches the
expected under Brownian motion, and (iii) exceed one when
related species traits are less similar than expected by their
phylogenetic relationships. Analysis of simulated data shows that
Pagel’s lambda performs better when traits follow the Brownian
motion model of evolution and Bloomberg’s K when there are
changes in evolutionary rates along time (Miinkemiiller et al.,
2012); thus, their combined use should cover both possibilities.
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Phylogenetic data were obtained from a published species
level palm phylogeny (Faurby et al.,, 2016). Simple mean trait
values per species were used for phylogenetic signal tests over
1,000 posterior distribution equally probable phylogenetic trees
from Faurby et al. (2016).

Trait Covariation

The role of trait covariation on intraspecific variation (Question
2) was examined using correlation matrices among traits.
Specifically, we tested the hypothesis of trait coordination
constraints on intraspecific variation by partitioning the
coordinated response of multiple traits to local conditions
(ecological coordination) from trait covariation that is decoupled
from local conditions (intrinsic coordination). The rational for
this approach is the expectation that when we control for the
local conditions on trait variation, the trait covariations resulting
from local conditions co-selection will disappear while trait
covariation that is independent from local conditions will persist
(Figure 1). We implemented this by comparing the correlations
based on mean trait values per species calculated from the
original sampled (raw) data to the correlation calculated from
species random intercepts, which here represents differences
among species excluding the environmental conditions given by
the plot-effect (see section “Variation Partitioning”). Significant
associations among traits were graphically represented using
trait covariation networks for models based on raw data and
environmentally controlled data given by the R package qgraph
(Epskamp et al., 2012).

Trait-Environment Relationships

To evaluate the role of local hydrology on intraspecific variation
on leaf traits (Question 3a), we tested the effect of local hydrology
(HAND) on the intraspecific trait variation by expanding the
LMM model used before to include HAND as a fixed factor, and
species and site as random intercepts. The site effect considers any
spatial or unmeasured environmental effects on trait variation.
Then, to determine the effect of HAND in the community level
trait values (Question 3b), we regressed plot CWM against
HAND. Community weighted means of the 72 plots for which
we have relative abundances were calculated with the formula:

nj
CWM = wi; x Ty )
k=1

where w = relative abundance; j =
T = mean species trait.

species; k = plot; and

RESULTS

How Much of Leaf Trait Variation Is Due

to Intraspecific Variation? Within vs.
Between Species Trait Variation

Within-species leaf trait variation was not always smaller than
between-species variation (Supplementary Table 2). SL, LA, SD,
and LT were the traits with larger proportion (>50%) of variation
explained by species identity than by intraspecific variation.

- Species identity - Local conditions

Unexplained

LDMC

VD

LT

SLA

SD

LA

SL

o

25 50 75 100
Proportion of total trait variance

FIGURE 2 | Partitioning of variance for each leaf trait into local conditions
(plot), species identity and unexplained (residual). Leaf traits are sorted from
low to high unexplained variation. LDMC, leaf dry mass content; VD, venation
density; LT, leaf thickness; SLA, specific leaf area; SD, stomata density; LA,
leaf area; SL, stomata length.

VD and LDMC had less than 50% of variation explained by
species identity, and thus a larger contribution of within-species
variation. Species identity explained between 26 and 77% of the
variance on leaf traits. Intraspecific variation was between 22 and
73% with local environmental conditions explaining between 1
and 11% and unexplained (residual) variation accounting for 19-
71%. The decreasing in the proportion of variance explained by
species identity was mirrored by an increase in the residuals,
and not by an increased amount of variation explained by local
conditions (Figure 2).

How Much of Leaf Trait Variation Is Due
to Phylogenetic Conservatism?

Phylogenetic Variation

Our results show evidence of phylogenetic conservatism in the
leaf traits of co-occurring palm species for only a third of traits
(Table 1). In most of the phylogenetic trees, leaf trait values
varied as much within close related species than among distant
ones (Supplementary Figure 2). Pagels’s lambda was above the
threshold of statistical significance (p < 0.05) for all phylogenetic
trees while Bloombergs K was above this threshold for most
of them. We found evidence of trait conservatism in 74% of
the phylogenetic trees for SD, 27% for SL, and 22% for LDMC.
For VD and LT, we found phylogenetic signal for less than
5% of the 1,000 equally probable phylogenetic trees, while for
LA and SLA, we found for none. Phylogenetic signal was not
correlated to trait intraspecific variation (r = 0.06, p = 0.895,
Supplementary Figure 3).
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TABLE 1 | Phylogenetic signal of the palm leaf functional traits, across the
phylogeny of the local community.

Leaf trait Pagel's Bloomberg’s K
Percentage trees Mean Percentage trees Mean
with p < 0.05 (%) with p < 0.05 (%)

LDMC 3 0.442 22 0.640

VD ns 0.012 1 0.470

LT ns 0.003 3 0.453

SLA ns 0.000 ns 0.327

SD ns 0.742 74 0.654

LA ns 0.278 ns 0.449

SL ns 0.168 27 0.553

Leaf traits are sorted from low to high unexplained variation.

LDMC, leaf dry mass content; VD, venation density; LT, leaf thickness; SLA, specific
leaf area; SD, stomata density; LA, leaf area; SL, stomata length. Percentage of
trees with p-value < 0.05 is calculated from 1000 equally probable phylogenetic
trees for palm family.

Values in bold denote when more of 5% of the trees returned a statistic below this
threshold and ns when none of them.

What Is the Role of Trait Covariation on
Intraspecific Variation? Among Traits
Relationships

The simple correlations between traits were between 0.19 and
0.57 among all comparisons (Supplementary Figure 4). LA,
SD, VD, and SLA were positively correlated to each other and
negatively correlated to LT. SL was negatively correlated to all
other traits, but LT. Trait covariation relationships changed when
we control for trait-environment relationships (Figure 3). The
only correlations that remained significant were among SLA,
VD, and LT in one cluster, and among SL and LA in another.
Correlations between VD and other traits nearly doubled after
controlling for environmental effects, as well between SLA and
LT. Correlations between LA and SD changed little.

How Does Environment (Local
Hydrology) Affect Intraspecific and
Community Level Variation of Leaf

Traits? Trait-Environment Relationships
Height above nearest drainage explained almost no intraspecific
variation on palm leaf traits on the models controlling for
species and local conditions (Table 2), meaning that, on average,
the observed intraspecific variation was not associated with the
variation in the hydrological condition. Some species, however,
did show a trend of intraspecific variation of some traits (e.g., VD
and SL for Bactris hirta) aligned to the environmental variation,
although most of these trends tend to be weak (Figure 4). The
lack of a concerted response of intraspecific variation across all
species to the environment is given not only by weak within-
species effects but also by opposed trends across species, e.g., leaf
thickness of Astrocaryum tucuma increased with HAND while
that of Bactris hirta decreased (Figure 4). At the community
level, most trait CWM changed along HAND (Table 3).
SLA and LA decreased, while LT, SD, and VD increased with
HAND (Figure 4).

SL \ S|E
SLA. —wp sl / VD
LT LM LT LM
B 060 = 030 — 020

FIGURE 3 | Correlation between leaf traits (A) based on raw trait data and (B)
based on the proportion of phenotypic variation attributed to the species
effect (s%) that excludes the plot(environmental)-effect (see Figure 1 and
section “Materials and Methods” for details). Positive correlations are denoted
in blue tones and negative correlations in red tones. Correlation strengths are
represented by line thickness. Only correlations with p-value below the
threshold of 0.05 are shown. SL, stomata length; SD, stomata density; VD,
venation density; LM, leaf dry mass content; LT, leaf thickness; SLA, specific
leaf area; LA, leaf area.

DISCUSSION

In this study, we addressed the patterns of intra to interspecific
variation in leaf traits of locally dominant palm species, and
its relationships to local hydrology, in a moist forest of
central Amazonia. We found that: (1) traits vary widely within
species; (2) most traits do not have phylogenetic signal at the
studied mesoscale (10 x 10 km); (3) correlations among traits
were mostly due to intrinsic species constraints, ie., few of
the evaluated traits are free to respond to the environment
independently from others; (4) intraspecific trait variation was
not associated to the hydrological gradient in a coherent
form across all species; and (5) even though species showed
low intraspecific adjustment to hydrology, community-averaged
traits closely tracked hydrological changes.

Our results show that, even in a local scale, the palm leaf
traits have large amounts of intraspecific variation. Within-
species variation was mostly not related to the variation in
local hydrological conditions across species. Although some
combinations of species and traits did show trends of variation
aligned to the environment, we did not find the trait variation
along the main environmental gradient driving community
composition changes to be consistent. Studies comparing
contributions of intra vs. interspecific variation to the changes
of trait values along environmental gradients have shown
consistently higher contributions of interspecific than the
intraspecific component, on either trees or herbs, and across
different vegetation types and spatial scales (Cornwell and
Ackerly, 2009; Jung et al.,, 2010; Kichenin et al., 2013; Siefert
et al., 2014; Luo et al, 2016). Here we suggest that the same
is true for the palm life-form, even though the exceptionally
low contribution of the intraspecific component recorded in
this study is new.
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TABLE 2 | Results of linear mixed models including height above nearest drainage (HAND) as fixed factor and species and local conditions (plot) as random intercepts.

(Intercept) Hand Marginal R2/conditional R2
Estimates cl P Estimates Cl P
LDMC 427.78 398.50-457.07 <0.001 0.44 -0.731t0 1.62 0.459 0.004/0.283
VD 156.82 12.29-19.35 <0.001 -0.05 -0.17 t0 0.08 0.461 0.006/0.546
LT 0.15 0.11-0.19 <0.001 -0.00 to 0.00 0.158 0.013/0.622
SLA 270.36 194.25-346.47 <0.001 -0.55 -3.081t0 1.93 0.666 0.002/0.655
SD 12.33 9.70-14.97 <0.001 -0.04 —-0.09 to 0.01 0.145 0.006/0.729
LA 2.88 1.19-4.57 <0.001 0.01 -0.08t0 0.05 0.736 0.001/0.781
SL 56.1 50.19-62.02 <0.001 -0.07 -0.20t0 0.05 0.224 0.005/0.804

Leaf traits are sorted from low to high unexplained variation.

LDMC, leaf dry mass content; VD, venation density; LT, leaf thickness; SLA, specific leaf area; SD, stomata density; LA, leaf area; SL, stomata length.

Values in bold denotes p-value below the threshold of 0.05.

We did not detect strong phylogenetic conservatism in the
examined traits at this local scale that could suggest limited
capacity of change in trait values. This may result from the
combination between our focus on the local scale—where genetic
distinction among populations is less likely to be relevant—and
a single monophyletic lineage, therefore restricting the number
of alternative traits and combinations that might have evolved in
response to the same pressures. These results are in agreement
with the lack of phylogenetic conservatism of leaf traits in 80
species widely distributed among the major palm clades (Ma
et al., 2015). Most of the evolutionary divergences in traits of
our studied palms occurred within genus or family levels, and
there is strong segregation of congeneric or confamilial species
along the hydrological gradient (Supplementary Figure 1). At
the same time, we observed substantial intraspecific variation in
the examined leaf traits, indicating that indeed these species have
the potential to express variation in traits. Therefore, it is not
phylogenetic inertia that limits the intraspecific adjustment of
trait values to the hydrological gradient.

It is not clear if palms have an intrinsically lower capacity for
environmental adjustment of the anatomical and morphological
leaf traits such as those studied here, in comparison with
other life-forms, or other factors may be responsible for the
observed patterns. One possibility is that the low seasonality
(~2 dry months) of the studied forest could decrease the
plant-perceived local hydrological differences, even if they are
striking to us (e.g., Hodnett et al., 1997), and not demand
intraspecific adjustments. This, however, would be at odds with
the strong palm species turnover along this gradient (Costa
et al, 2009) and the strong adjustment to similar gradients
observed in Guiana trees subjected to the same seasonality
(Schmitt et al., 2020). Intraspecific adjustments may, otherwise,
be occurring in physiological traits, below-ground traits, or
even at the whole organism level (e.g., above- to belowground
ratios, stem to leaf area ratios, fine root to leaf area ratios, etc.).
Seasonal hypoxic or anoxic soil conditions in the valleys should
demand adjustments in the metabolism and usually require
special structures such as aerenchyma, lenticels, or physiological
adjustments (Parent et al., 2008). These adjustments may not be
linked to the traits examined here, and thus we cannot conclude
that no intraspecific adjustments to the hydrological gradient

are occurring, but only that not in the leaf morpho-anatomical
traits we studied.

Intraspecific variation, however, was not associated with the
hydrological gradient in our study area in a coherent form across
all species. Although it is possible that intraspecific variation in
palm leaves results from unmeasured environmental variables,
the relatively small amount of variation explained by plots
within-species suggests that conditions that vary at plot scale
(e.g., soil characteristics and canopy openness) are unlikely
to be related to the observed variation. It is interesting to
note that in our study area, the hydrological conditions covary
with soil fertility, with a tendency for lower fertility toward
bottomlands. Although this correlation may be a confounding
factor, the direction of trait selection we observed at the
community level is more compatible with selection by the
hydrological than by the fertility gradient. For example, we
observed higher values of SLA and lower values of LDMC
where soils are very wet but poorer, which is the opposite
of the expected based on fertility. Therefore, the patterns of
trait variation observed here are more likely to be linked to
changes in local hydrological conditions than the other known
dominant gradients. Examining how contrasting selection forces
(as exemplified here) could also be contributing to increase
intraspecific variation may be an interesting line of investigation
for next studies.

Differences in leaf age and microenvironment conditions
could explain some of the intraspecific variation observed.
Although we have controlled in our sampling for leaf age
and forest stratum, the longevity of palm leaves in forest
understory varies between 2 and 9 years (Henderson, 2002).
During this time, the microenvironmental conditions in
forest understory (especially light conditions) may change
adding an uncontrolled source of variation at the individual
level. Other microenvironmental conditions of relevance for
palms are topography, soil, and litter distribution (Svenning,
2001). In this study, we controlled by soil and topographic
variation sampling in plots that follow topographic contour
in order to minimize local soil variation (Magnusson et al.,
2005). Litter variation was not controlled in this study.
Litter depth shows temporal and spatial variation in our
study area (Rodrigues and Costa, 2012) but is unlikely
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FIGURE 4 | Individual and community weighted mean (CWM) trait variation along height above nearest drainage gradient. Only relations with p-value below the
threshold of 0.05 for CWM models (Table 3) are shown. LDMC, leaf dry mass content; VD, venation density; LT, leaf thickness; SLA, specific leaf area; SD, stomata

TABLE 3 | Standardized beta coefficients for relationships between the
community weighted mean of seven leaf traits (Trait CWM) and the local hydrology,
represented by height above nearest drainage (HAND).

Trait CWM bsta R?

LDMC 0.25* 0.06
VD ns ns

LT 0.54*** 0.29
SLA —0.47*** 0.22
SD 0.30* 0.08
LA —0.62*** 0.39
SL 0.36" 0.13

Leaf traits are sorted from low to high unexplained variation.

LDMC, leaf dry mass content; VD, venation density; LT, leaf thickness; SLA, specific
leaf area; SD, stomata density; LA, leaf area; SL, stomata length.

***For p-value <0.001, **for p-value <0.01, *for p-value <0.05, and ns for p-values
above the threshold of 0.05.

to affect any of the traits measured here, at least not
directly. We believe the care taken during the sampling was
compatible with the microenvironment variation observed in
the field and we do not expect it to have an important
impact on our conclusions. However, microenvironmental
variation experienced in scales of few meters or along the
leaf lifespan should account for some of the intraspecific
variation observed here.

Another reason why intraspecific variation of single traits
may not be linked to environmental variation is the existence
of structural constraints to variation, when one trait is not

free to vary because it is structurally bounded to other
traits. A single axis of trade-offs between leaf traits has
been the dominant idea regarding trait coordination (Wright
et al, 2004). More recently, one study has shown that
the same traits can be either coupled or decoupled in the
same species, depending on the environmental conditions
(Ramuirez-Valiente et al, 2020). Much of the controversy
about trait covariation arises from the confusion between
trait coordination or trait co-selection. Trait coordination
arises from inevitable trade-offs between one trait and others.
Trait co-selection, on the other hand, will be the result of
two traits being selected simultaneously by environmental
conditions. In our study, we show that a large part of
trait covariation in palm leaves happens independently of the
environmental variation, suggesting a major role of intrinsic
trait coordination in trait variation patterns, but very little co-
selection by environment.

A previous study (Muscarella and Uriarte, 2016) has provided
empirical evidence that species are more likely to occur where
some of their traits have values closer to the CWM, but other
traits diverge from that; reinforcing the idea that selection may
be operating over a multivariate trait space. We observed a
community-level change in trait values along the hydrological
gradient that was given mostly by the turnover of species,
with little contribution of intraspecific changes. Several of the
community-wide functional changes along the topo-hydrological
gradient reflect the same pattern of acquisitive strategies
associated to the wetter valleys switching to more conservative
strategies toward the plateaus observed for trees in this same
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forest (Cosme et al., 2017), other Amazonian forests (Fontes
et al., 2020; Schmitt et al., 2020), and other biomes (Cornwell
and Ackerly, 2009). Together, our findings that even within a
monophyletic lineage, shifts in trait-environment relationships
are common suggest that trait-environment relationships at the
community level are the result mainly of shifts in community
composition and relative species abundances. This means that
while CWM can be informative of the functional strategies
in place for some traits, this is more likely to reflect the co-
selection of traits along a common environmental gradient
than single trait-environment relationships. Our results and
proposition echo the findings of previous studies showing
the decoupling between functional traits in tropical rain
forests (e.g., Baraloto et al, 2010). Therefore, we need to
be cautious when inferring ecological strategies from single
traits without accounting for covariation of traits. Future
work should evaluate phenotype performance along other
gradients and traits.

Together our findings expand the current knowledge
on trait variation to show that leaf traits can be widely
variable within species, tightly coordinated to each other
and at the same time, this variation can be independent
from local environmental conditions. An additional practical
implication of this finding is that sampling along hydrological
gradients for those traits may be simplified as, at least in
this situation, intraspecific variation is not driven by local
hydrological gradients. Our study contributes to disentangle
different sources of leaf variation by combining the study
of trait variation and covariation in an environmentally and
phylogenetically controlled framework. Although we found
some evidence of phylogenetic conservatism in leaf traits,
this is unlikely to be the main constraint to trait variation
since phylogenetic signal is not related to the amount of
intraspecific variance in this study. Alternatively, we observed
large amounts (56-81%) of trait covariation that could
be either generating or constraining interspecific variation
on palm leaf traits, which requires further investigation.
Finally, we conclude that although within-species variation
in the examined traits is large, it does not contribute to the
adjustment of individuals to the local hydrological conditions
in this Amazonian forest. Therefore, species may need
to migrate to follow their hydrological niches as climate
changes. Species can also use other routes of adjustment
and new traits, especially drought resistance traits, should
be investigated.
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