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Biodiversity can be quantified by taxonomic, phylogenetic, and functional diversity.
Current evidence points to a lack of congruence between the spatial distribution of
these facets due to evolutionary and ecological constraints. A lack of congruence is
especially evident between phylogenetic and taxonomic diversity since the name and
number of species are an artificial, yet commonly used, way to measure biodiversity.
Here we hypothesize that due to evolutionary constraints that link phylogenetic and
functional diversity, areas with higher phylogenetic and functional diversity will be
spatially congruent in Neotropical cocosoid palms, but neither will be congruent with
areas of high taxonomic diversity. Also, we hypothesize that any congruent pattern
differs between rainforests and seasonally dry forests, since these palms recently
colonized and diversified in seasonally dry ecosystems. We use ecological niche
modeling, a phylogenetic tree and a trait database to test the spatial congruence of
the three facets of biodiversity. Taxonomic and phylogenetic diversity were negatively
correlated. Phylogenetic and functional diversity were positively correlated, even though
their spatial congruence was lower than expected at random. Taken together, our results
suggest that studies focusing solely on large-scale patterns of taxonomic diversity are
missing a wealth of information on diversification potential and ecosystem functioning.

Keywords: Cocoseae, macroecology, Macroevolution, ecological niche modeling, spatial analysis

INTRODUCTION

Understanding why and how biodiversity is distributed across space is fundamental to preventing
its loss in an ever-changing world. Taxonomic diversity, measured as species richness, is the
most used biodiversity index (Diaz and Cabido, 2001; Jarzyna and Jetz, 2016). Biodiversity
encompasses not only species richness but also evolutionary history and species functions
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(Convention on Biological Diversity, 2006). Phylogenetic
diversity (e.g., branch lengths between species) reflects the
evolutionary potential of communities (Swenson, 2011),
representing both past diversification as well as the potential to
evolve new lineages (Forest et al., 2007). Functional diversity
determines the species role in the ecosystem (Swenson, 2011;
Hortal et al., 2015), is a predictor of productivity and ecosystem
vulnerability (Hooper et al., 2005), and is directly related to
species’ response to environmental variation (Violle et al,
2007). The use of taxonomic diversity as the single source of
information might be insufficient in describing how biodiversity
patterns vary across space since high species richness does
not necessarily lead to greater evolutionary and functional
diversity (Sobral et al., 2014; Dreiss et al., 2015), and on top of
that, the different components of biodiversity may not even be
spatially congruent (Lamoreux et al., 2006). In order to prevent
biodiversity loss, it is paramount to understand spatial variation
of phylogenetic relationships and functional traits since they
represent facets of biodiversity that are not incorporated in
species richness (Diniz-Filho et al., 2013, 2019).

The majority of studies on taxonomic, phylogenetic and
functional diversities focus on the differences among them and
their relationships with environmental conditions, such as in
vertebrates (Lamoreux et al., 2006), birds (Safi et al., 2011;
Mazel et al.,, 2014; Sobral et al, 2014), and freshwater fish
communities (Strecker et al., 2011), but see one example for
plants Echeverria-Londoio et al. (2018). From an evolutionary
viewpoint, the spatial mismatch among the facets of biodiversity
is related to the way the ecological niches of species evolve. In
general, closely related species retain ancestral ecological traits,
and are therefore more ecologically similar than expected by
chance, leading to phylogenetic niche conservatism (PNC; Losos,
2008). Under the premise of PNC, we expect that phylogenetic
diversity would be correlated with functional diversity (Dreiss
et al, 2015). That expectation will not hold if sister species
have not have time to fully diverge, and therefore functional
diversity will not increase in proportion to taxonomic diversity
(Swenson, 2011). On the other hand, species may adapt and
evolve into new areas (Bacon et al., 2017, 2018a; Cassia-Silva
et al., 2020a), causing a spatial mismatch between phylogenetic
and functional diversity, due to ecological divergence between
sister species. Environmental change leads to evolutionary shifts
within clades, for instance, rapid climate change throughout the
Miocene led to the establishment of the South American open
diagonal, which includes ecosystems such as Chaco, Cerrado, and
Caatinga (Pennington et al., 2004).

Palms are iconic elements of the tropical flora and there is rich
information on their phylogenetic relationships (Faurby et al.,
2016) and morphology (Kissling et al., 2019). Palms are keystone
species that sustain local faunas with fruits and seeds for the
whole year (Terborgh, 1986; Hill et al., 2021). Indeed, prolific and
widespread palms are reliable sources of food and construction
material not just for animals, but also for humans (Camara-Leret
et al., 2017). For plants, a wide range of ecological strategies
and responses to competition, stress, and disturbance can be
summarized by assessing the variation in species traits. Palms are
ecosystem builders (Goldel et al., 2015) and are morphologically

variable, they present erect and aerial stems, stems concealed
underground (e.g., acaulescent) and even climbing forms, which
reach up to 170 m in length or more (Dransfield et al,
2008). Thus, palms occupy the canopy, understory, as well as
intermediate layers of the forest strata (Dransfield et al., 2008).

Cocoseae is a pantropical palm tribe distributed in the
Afrotropics (Elaeis and Jubaeopsis in continental Africa, and
Beccariophoenix and Voanioala in Madagascar), as well as
throughout the region (i.e., Cocos nucifera), but the vast
majority occur in the American tropics (the Neotropics) where
ca. 98% (ca. 350 species) of Cocoseae diversity is found
(Dransfield et al., 2008; Meerow et al., 2015). In the Neotropics,
cocosoid palms occur across vastly different ecosystems, from
the Atlantic Forest and Amazonia, to Andean valleys and the
Caribbean Islands (Dransfield et al., 2008). At the same time,
the tribe represents a successful example of the colonization
of seasonally dry ecosystems (Cassia-Silva et al., 2019). For
instance, Acrocomia, Allagoptera, and Syagrus are common in
seasonally dry ecosystems, while Bactris and Astrocaryum are
most conspicuous in Amazonia (Bacon et al., 2017; Noblick,
2017). Environmental drivers of taxonomic, functional, and
phylogenetic diversity have been studied in Neotropical palms
(Bjorholm et al., 2005; Svenning et al., 2008; Goldel et al., 2015;
Freitas et al., 2019; Velazco et al., 2021), but how these facets
interact across space remains unexplored.

Here, we leverage the evolutionary history and life history
traits of a widespread and species-rich group of palms measured
at different evolutionary scales to determine how taxonomic,
phylogenetic, and functional diversity interact across space. As
palm morphological architecture is evolutionarily conserved
(Tomlinson, 1990) and there is strong evidence for PNC in
palms (Céssia-Silva et al, 2019), we hypothesize that (HI)
Cocoseae phylogenetic diversity (PD) will be more spatially
congruent with functional diversity (FD) than with taxonomic
diversity (TD). Owing to its Neotropical rainforest origin
(Meerow et al., 2015), with a remarkable in situ diversification
across seasonally dry ecosystems of South America (Kissling
et al, 2012; Freitas et al, 2019), we also hypothesize that
(H2) the different facets of diversity have varying spatial
patterns between rainforests and seasonally dry ecosystems.
From HI1, we predict that FD and PD will show higher
spatial congruence compared with the TD. If H2 holds, we
predict different patterns of congruence in TD, PD, and FD
among rainforests and seasonally dry ecosystems. Incongruences
amongst biodiversity metrics mean that the conclusions based
solely on taxonomic diversity lack evolutionary and ecological
information and therefore inaccurately portrays how biodiversity
varies across space.

MATERIALS AND METHODS
Distribution Data and Niche Modeling

We obtained occurrence data for the 261 cocosoid palms
species based on the taxonomy from Govaerts et al. (2011)
(last consulted on February 2019) from the Neotropical region
from a larger dataset downloaded from the GBIF (last consulted
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on January 2019'; The Global Biodiversity Information Facility,
2019) database. We cleaned the occurrences by removing records
with repeated geographic coordinates and located in the sea
or countries/provinces/capital centroids with CoordinateCleaner
(Zizka et al, 2019), and with coordinates with less than
two decimal places. We verified spatial inconsistencies in
distribution, and corrected them based on information on
Palmweb (Palmweb, 2020). Distribution ranges were obtained
using species distribution modeling. To avoid spatial sampling
biases in the modeling processes (i.e., more than one occurrence
point inside the same pixel), we thinned species occurrences
using an independence distance of 10 km. Only species with
more than 10 independent occurrences were used, a total of 120
species. Species with more than five and less than 10 independent
occurrence points (82 species) had their distribution estimated
by minimum convex polygon enclosing all occurrences of a
species, with interior angles smaller than 180°, which yielded
202 total species.

As predictor variables for species distribution modeling,
we used 19 climatic and 36 physical edaphic variables
(Supplementary Table 1) from the Chelsa Climate (Karger et al.,
2017) and SoilGrids (Hengl et al., 2017) databases, using a 0.1° x
0.1° resolution (c. 11 km). To avoid multicollinearity issues
in the modeling processes, instead of using the variables per
se, we reduced the variation of all 55 variables using Principal
Components Analysis (PCA). The first five orthogonal axes
represented 85% of the total variation from the original values
and were used as predictor variables.

We wused four different algorithms to model species
distributions: Generalized Additive Model, Maximum Entropy,
Random Forest, and Gaussian Processes. We randomly
partitioned the occurrence data in 70% for calibration and 30%
for model validation, and iterated five times. We used the same
number of pseudo-absences as occurrence points, selected at
random. The area for model calibration (Barve et al., 2011) was
defined by a minimum convex polygon enclosing all occurrences
of a species, plus a buffer zone of 110 km surrounding the
polygons. The model performance was assessed using True Skill
Statistics (TSS; Allouche et al., 2006), which ranges from —1
to + 1, where + 1 indicates perfect agreement and values of zero
or less indicate a performance no better than random.

After the modeling procedure, the projections of the different
algorithms were combined in an ensemble using weighted mean,
using only models with TSS higher than the model average (the
best models). For the creation of the presence and absence matrix
per pixel cell we used a binary map, where the threshold was
the value in which the sum of the sensitivity and specificity was
the highest. The species distribution modeling was performed
using the ENMTML package (de Andrade et al., 2020) in the R
environment 4.0.3 (R Core Team, 2020).

We built the occurrence matrix for the Neotropical region
by overlapping the distribution data (distribution models and
minimum convex polygons) of the 202 cocosoid species,
obtaining a matrix containing species occurrence in each
pixel (Supplementary Figure 1). This occurrence matrix was

Lwww.gbif.org

used to compute taxonomic, phylogenetic, and functional
diversity indices. The GBIF downloaded data is available in
Supplementary Table 5 and the specie names and number of
occurrences is available in Supplementary Table 6.

Phylogenetic Analysis

We obtained phylogenetic information for the 202 cocosoid
palm species from a dated Maximum Clade Credibility tree
(MCC) of the palm family (Cassia-Silva et al, 2019), which
was calculated from 1,000 phylogenetic trees from the posterior
distribution of the species-level supertree (Faurby et al., 2016).
In comparison to other clades represented in the supertree,
the deep phylogenetic relationships (i.e., subtribes Attaleinae,
Bactridinae, and Elaeidineae) were well-resolved and supported
by a previous study (Meerow et al., 2015). The phylogenetic
incongruences in Cocoseae were mostly restricted to the terminal
nodes (Meerow et al., 2015), which overall do not significantly
influence phylogenetic structure metrics (Swenson, 2011).

We calculated the Mean Pairwise Distance (MPD) and
the Mean Nearest Taxon Distance (MNTD; Webb, 2000) of
communities using the MCC tree with the functions mpd and
mntd in the picante R package (Kembel et al., 2010). MPD is the
mean of the branch lengths between all species in a community
divided by the number of species, whereas MNTD is the mean
branch lengths between each species within communities and its
closest relative (Webb, 2000). We used these two indices because
they are complementary and calculate both phylogenetic and
functional diversity. While MPD provides an “ancient” picture,
the MNTD provides more “recent” information of phylogenetic
structure in a focal community (e.g., Cassia-Silva et al., 2020b).
Community is here defined as the species co-occurring in a
particular pixel cell. To calculate both MPD and MNTD, we
obtained the cophenetic distance matrix using the function
cophenetic. Because we used a dated tree, MPD and MNTD are
in My (millions of years before present).

Functional Trait Analysis

The cocosoid traits (Table 1) were compiled from the global
palm trait database (PalmTraits 1.0 data set; Kissling et al., 2019).
We expanded on Westoby’s leaf-height-seed scheme (i.e., LHS;
Westoby, 1998; Table 1) and included more traits, approximating
the functional space of ecosystem builders such as palms (Goldel
et al, 2015). The LHS scheme describes the position of a
determined species in the volume formed by three axes in the
functional space comprising Specific Leaf Area (SLA), height of
the canopy at maturity, and seed mass (Westoby, 1998). Together
the LHS traits represent the ability of species to compete for
light, as well as the ability to disperse. The size of the plant, their
position in the forest strata, and growth form are related to plant
competitive vigor, fecundity, carbon sequestration, accumulation
of biomass, as well as to ecosystem complexity (Phillips et al.,
2002; Pérez-Harguindeguy et al., 2013). Additionally, leaf blade
size is related to energy acquisition and photosynthetic rate
(Pérez-Harguindeguy et al., 2013; Jimenez et al., 2021), while fruit
color and size is related to resource availability for frugivores
and plant dispersal ability (Onstein et al., 2020; Hill et al., 2021).
The length of the leaf blade was highly correlated with the
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TABLE 1 | Functional traits related to height, leaf and fruit characteristics used to obtain functional diversity in cocosoid palm species and their ecological relevance.

Plant axes  Trait* Description** Ecological relevance***
represented
Whole plant ~ Maximum stem height (m) Maximum height of the plants’ stems until reaching their Competitive vigor, whole plant fecundity and tolerance or
foliage. resistance to stress and disturbances.
Maximum stem diameter (cm) The stem diameter is a measurement standardized and Carbon stocks, resistance to physical damage and
perpendicular to the axis of the stem of a plant at a given structural vigor
height from the ground.
Growth form (climbing, It is a categorical variable, mainly determined by the Competitive vigor, biomass accumulation and carbon
acaulescent and erect) direction and extent of growth. sequestration, ecophysiological adaptation, photosynthetic
production.
Vegetation layer (canopy or A derived trait based on whether maximum stem height Ecosystem complexity structural, competitive vigor,
understory) is <5 mor > 5m, and/or whether species have an photosynthetic efficiency.
acaulescent growth form or not.
Leaf Maximum blade length (m) Measured as blade length of the longest individual leaf. Leaf blade variation can be linked to photosynthetic
efficiency and transpiration rate.
Maximum rachis length (m) Measured as rachis length of the longest individual leaf. Rachis length variation also can be linked to maximum
potential photosynthetic and transpiration rate.
Maximum petiole length (m)  Serves as a link between the sheath and the blade, is Competitive vigor, photosynthetic efficiency and
discernible above the sheath as a supporting axis. transpiration rate.
Fruit Maximum Fruit length (cm) Used as a proxy for seed mass, consisting of the Resource for frugivores, dispersal potential, drive survival

measurement of the length of mature fruit.

Main fruit color

Represents the main color of mature fruit.

and establishment of seedlings.
Resource for frugivores, seed dispersal potential.

*Kissling et al. (2019).

**Henderson (2002), Larjavaara and Muller-Landau (2012), Pérez-Harguindeguy et al. (2013), Goldel et al. (2015) and Kissling et al. (2019).
**Adapted from Phillips et al. (2002), Pérez-Harguindeguy et al. (2013) and Onstein et al. (2020).

rachis length (r = 0.96; p < 0.001) and petiole length (r = 0.83;
p < 0.001), thus we excluded the latter two and used the length
of the leaf blade.

We used the matrix of 202 species to calculate functional MPD
and MNTD as described above and following Hidasi-Neto et al.
(2012), but here using trait distances instead of phylogenetic
distances. We used the function dist.ktab from FD package to
produce a mixed-variable coefficient of trait distances between
species calculating a generalized version of Gower’s distance,
which enabled the treatment of various statistically different
variables (Pavoine et al., 2009). Maximum stem height, maximum
stem diameter, maximum blade length, and maximum fruit
length were treated as quantitative continuous variables, fruit
color and growth form as nominal multiple state variables (i.e.,
a single species may assume one or more states), and vegetation
layer as binary. Functional MPD and MNTD using Gower trait
distances were computed using functions mpd and mntd in
picante.

Finally, species with phenotypic variation in growth form (e.g.,
acaulescent and erect) were classified as erect since they may have
this growth form during their lifespan (see Imputing missing data
section and Supplementary Table 3 for details). This variation
was present in the dataset in only three species: Astrocaryum
ciliatum, A. farinosum, and A. sociale (see Supplementary
Table 1 and Distribution of Communities section for details). All
analyses were performed in the R statistical environment v. 3.4.3
(R Core Team, 2020).

Congruence Among Diversity Measures

We assessed the spatial congruence between taxonomic (TD),
phylogenetic (PD), and functional diversity (FD) for the
whole cocosoid palm distribution and between rainforests and

seasonally dry ecosystems using a Geographically Weighted
Correlation (GWC) with the function Ilcorrel implemented in the
Ictools package (Kalogirou, 2017). It is important to highlight that
PD stands for phylogenetic diversity and is not related to the
specific index called “PD” of Petchey and Gaston (2002). GWCis
a measure of the correlation between variables while accounting
for the spatial structure of the correlation, revealing the spatial
congruence between them. GWC was plotted in heat maps of the
Neotropics to show spatial variation. We also ordered our dataset
from lower to higher values and divided it into quartiles, i.e.,
Ist (0-25%), 2nd (26-50%), 3rd (51-75%), and 4th quartile (76—
100%). The congruences between the variables were converted to
binary to be plotted in heat maps showing regions of congruence
for the four quartiles using the raster package (Hijmans and van
Etten, 2012). To test whether the spatial congruence patterns
differed between rainforests and seasonally dry ecosystems for
each pair of diversity index, we classified each grid cell into
either rainforest or seasonally dry ecosystems using the WWF
Ecoregion classification (Olson et al, 2001; Supplementary
Table 2). We tested whether the mean geographic weighted
correlation coefficients were different between rainforests and
seasonally dry ecosystems for each comparison of the biodiversity
facets using a t-test in the basic R package.

RESULTS

Taxonomic, Phylogenetic, and Functional
Diversity

Our models presented a satisfactory performance, with average
value of 0.53 of TSS (0.17 SD, see Supporting Information
Supplementary Figure 2). Considering our classification of areas
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into rainforests and seasonally dry ecosystems (Figure 1A) we
describe our results below. Taxonomic diversity in cocosoid
palms was especially high in rainforests such as Amazonia,
inter-Andean valleys, and the northeastern portion of the
Brazilian Atlantic Forest (Figure 1D). The taxonomic diversity
was comparatively smaller in seasonally dry ecosystems such
as in northeast Brazil, the Pacific coast of Central America,
the south of Cocoseae distribution, and in the Andean slopes
(Figure 1D). The Caribbean Islands and the Atlantic coast
of Central America were especially species-poor. PDypp had
an opposite spatial pattern compared to species richness,
being greater in the periphery of the Cocoseae distribution
(Figure 1B). Phylogenetic diversity was especially high across
the seasonally dry forests and the Brazilian Atlantic Forest.
PDyntp followed the same spatial pattern as the PDypp
(Figure 1C), except in seasonally dry ecosystems, where we
found lower recent phylogenetic diversity compared with PDyipp
patterns. On the other hand, recent phylogenetic diversity
(PDyMntD) is higher in eastern Amazonia. Functional diversity
(measured as FDyntp) had a similar spatial pattern compared
to PDymnrp (Figure 1F). However, FDypp was higher in western
Amazonia and seasonally dry ecosystems of the Andean slopes,

Mesoamerica, and northeast Brazil and considerably lower in the
seasonally dry ecosystems in central Brazil and the Atlantic Forest
(Figures 1D,E).

Spatial Congruence in the Neotropics
Overall, taxonomic diversity and PDypp were negatively
correlated across the Neotropics (Figure 2A). This pattern
was most evident in Central America, the Caribbean islands,
northern Andean valleys, and northern Amazonia. We found a
positive but low correlation in central Brazil, the Chaco, and the
southern Atlantic Forest (Figure 2A). The correlation between
taxonomic diversity and FDypp was also negative, but high only
in northern Amazonia, and positive and low correlation was
found in central Amazonia and central Brazil, and the southern
regions of the distribution (Figure 2B). The correlation between
PDypp and FDypp was largely positive and higher in Central
America, Andean valleys, northern Amazon, Caribbean islands
and Choco (Figure 2C). Taxonomic diversity and PDynrp and
FDynTD showed negative correlations (Figures 2D,E) across
all Cocosaeae geographical distribution. We found a negative
correlation between PDyntp and FDyntp (Figure 2F), with
higher values across the seasonally dry ecosystems.

A B C
P D MPD P D MNTD
l\';si r -
e
.100.2 ;
765 263

B Rainforest - b - [ }A)
[ Seasonally Dry forest A

267

128

FIGURE 1 | Geographical distribution of the taxonomic (TD), phylogenetic (PD), and functional (FD) diversity of cocosoid palm species in the Neotropics. MPD, Mean
pairwise distance. MNTD, mean nearest taxon distance. (A) The classification of areas into rainforests and seasonally dry ecosystems. Phylogenetic diversity
calculated using MPD (B), MNTD (C), and taxonomic diversity (D). Functional diversity calculated using MPD (E) and (F).
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FIGURE 2 | Spatial patterns in correlation between taxonomic (TD), phylogenetic (PD), and functional diversity (FD) of cocosoid palm species in the Neotropics using
Geographically Weighted Correlation. Values range from 1 (positive—blue regions) to —1 (negative —red regions) in the map. MPD, Mean pairwise distance. MNTD,

The three diversity indices of biodiversity, TD, PDypp, and
FDumpp, showed low spatial congruence in all four quartiles
(Figure 3 and Table 2). The three indices were equally low (Ist
quartile) in the south of the Cocoseae distribution (Figure 3A
and Table 2) and no region had high values (4th quartile) for
the three indices (Figure 3D and Table 2). We found spatial
congruence between two indices for low and intermediate values
(2nd and 3rd quartiles) scattered throughout central and eastern
Amazonia, and in central and eastern Brazil (Figures 3B,C
and Table 2). However, PDypp and FDypp had high spatial
congruence in the 4th quartile (Figure 3D and Table 2), mainly
in Central America, the Caribbean islands, northern Amazonia,
and in the Andean slopes. Similarly, we found low values of
TD, PDmntp, and FDuvntp (Ist quartile) in the south of the
Cocoseae distribution (Figure 4A and Table 2) and no region had
high values (4th quartile) for the three indices (Figure 4D and
Table 2). Congruences between two indices with intermediate
values (2nd and 3rd quartiles) were found in central Brazil
(Figure 4B and Table 2), western Amazonia, and in northeastern
Brazil (Figure 4C and Table 2).

Spatial Patterns of Congruence:
Rainforests and Seasonally Dry

Ecosystems
Overall, taxonomic diversity had a negative correlation with
phylogenetic and functional diversity indices (MPD and MNTD)

in rainforests and seasonally dry ecosystems (Figure 5 and
Table 2). On the other hand, phylogenetic and functional
diversity were positively correlated for both MPD and MNTD
indices, both in rainforests and seasonally dry ecosystems
(Figure 5 and Table 2).

DISCUSSION

Biodiversity studies have traditionally focused on taxonomic
diversity, but species names and numbers do not include
fundamental information on evolutionary and ecological
diversity. Here we use taxonomic, phylogenetic, and functional
indices to investigate how different facets of biodiversity vary
spatially. We hypothesized that phylogenetic and functional
diversity have congruent spatial distributions that contrast
with the spatial distribution of taxonomic diversity (H1),
and that this pattern would differ between rainforests
and seasonally dry forests for Cocoseae palms (H2). Our
results show that taxonomic diversity is a poor predictor
of phylogenetic and functional diversity, as few areas show
spatial congruences between phylogenetic and functional
with taxonomic diversity. Also, we found spatial congruence
between functional and phylogenetic diversity only in a
few geographic areas either considering ancient (MPD) and
recent (MNTD) branch lengths of the phylogenetic tree. The
relationship between phylogenetic and functional diversity is
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1st quartile

2nd quartile

3rd quartile

Diversity indexes
M 3 facets
I 2 facets

1 facet

4th quartile

FIGURE 3 | Spatial congruence in taxonomic, phylogenetic and functional diversity measured by Mean Pairwise Distance (MPD) of cocosoid palm species in the
Neotropics, for the four quartiles; 1st quartile (A), 2nd quartile (B), 3rd quartile (C) and 4th quartile (D). Dark red shows 100% of spatial congruence among the three
diversity indices, orange shows congruence between two indices, and yellow shows no congruence, i.e., the presence of only one of the indices analyzed.

also apparent when data were split between rainforests and
seasonally dry ecosystems.

As we expected (H1), taxonomic diversity is not a good
predictor of phylogenetic or functional diversity. Indeed, species

TABLE 2 | Correlation values from geographic weighted correlations among
taxonomic, phylogenetic and functional diversity between rainforests and
seasonally dry forest using MPD and MNTD.

Neotropics Rainforest Seasonally dry forest
r P r P r P
MPD
TD x PD -0.290 0.002 -0.377 0.030 -0.128 0.276
TD x FD —0.065 0.635 —-0.016 0.880 —0.065 0.635
PD x FD 0.458 0.000 0.404 0.000 0.458 0.000
MNTD
TD x PD —0.697 0.000 -0.735 0.000 —0.682 0.000
TD x FD —0.641 0.000 —0.628 0.000 —0.641 0.000
PD x FD 0.740 0.000 0.760  0.000 0.740 0.000

Bold values are significant p values p <= 0.05.

richness has little ecological and evolutionary power to decipher
the mechanisms controlling species distributions, as previously
shown in both birds and mammals (Mazel et al., 2014; Sobral
et al., 2014). Here, we show a strong geographical mismatch
among taxonomic, phylogenetic and functional diversity in
plants. Thus, large-scale studies on biodiversity patterns that
include solely taxonomic diversity are missing important
information on both evolutionary and ecosystem functioning,
since there is little spatial congruence between the three measures
of biodiversity. Even focusing on the congruence of evolutionary
and ecosystem functioning information in geographical space,
we are ignoring relevant information, since there are only
strong positive correlations in very specific areas of the
Cocoseae distribution.

Palm phylogenetic diversity peaks from Costa Rica and
northeastern South America toward the northern Amazon Basin
(Velazco et al., 2021). By contrast, we found higher phylogenetic
diversity of cocosoid palms across the open diagonal of South
America (Prado and Gibbs, 1993), the Andean slopes, and the
Atlantic Forest (Figure 1). This may be due to the fact that
the Atlantic forest is thought to be the center of origin of
Attaleinae, one of the three and more speciose subtribes of
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FIGURE 4 | Spatial congruence in taxonomic, phylogenetic and functional diversity measured by Mean Nearest Taxon Distance (MNTD) of cocosoid palm species in
the Neotropics, for the four quartiles; 1st quartile (A), 2nd quartile (B), 3rd quartile (C) and 4th quartile (D). Dark red shows 100% of spatial congruence among the
three diversity indices, orange shows congruence between two facets two indices, and yellow shows no congruence, i.e., the presence of only one index.

Cocoseae (Meerow et al.,, 2009). On the other hand, western
Amazonia is suggested to be the center of origin of Bactridinae,
another highly rich Cocoseae subtribe (Eiserhardt et al., 2011b),
yet we found lower phylogenetic diversity compared to the
former areas, indicating possibly a very recent diversification
event (c.f. Roncal et al,, 2013). We also found high phylogenetic
diversity in the northern-most range of the Andean mountains,
in agreement with evidence that this area is an important
source of plant diversification for Amazonia (Bacon et al,
2018b; Gerhold et al., 2018). Also, our results show that
cocosoid phylogenetic diversity congruence with taxonomic
diversity is negligible, and that the correlation between the two
variables is strong and negative, reinforcing our expectations
that taxonomic diversity alone is not a good predictor of
evolutionary history (H1).

We found more congruence between phylogenetic and
functional diversity than either of them with taxonomic diversity,

as expected. For instance, phylogenetic and functional diversity
are congruently high in the Andean valleys, northeast Brazil, the
Chaco and the Atlantic Forest in the southern Brazilian Coast.
On the other hand, areas such as in the transition between
Amazonia, the Cerrado, and the Caatinga showed low functional
diversity, but high phylogenetic diversity considering ancient
relationships (MPD; see Figures 1B,D), and recent relationships
in the Guiana Shield (MNTD; Figures 1C,E). These opposing
results do not support our expectations, as taxonomic and
functional plant diversity was found to be highly congruent in
space (Echeverria-Londofio et al,, 2018). We suggest the lower
level of functional diversity compared with both taxonomic
and phylogenetic found here is linked to the fact that natural
transition areas among ecosystems are more prone to ecological
selection, filtering certain traits unfit for these higher level of
stress (e.g., drought, increased solar radiation; Metcalfe et al,
2020). Finally, the higher functional diversity compared to
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p < 0.001 (Supplementary Table 4).

phylogenetic diversity might be due to recent divergence events,
increasing the variability among traits.

Both phylogenetic and functional diversities reflect
evolutionary and ecological aspects hidden behind the species
names in occurrence tables. The phylogenetic diversity of a
particular clade tells the history of past diversifications and
possible extinctions, and might lead to a better understanding
of the species diversity changes. At the same time, phylogenetic
diversity also provides information about the future of the
lineages, acting as a “savings bank” of diversity needed in the
face of environmental change. Functional diversity reflects
the ecological role of species and is related to the potential of
communities to sustain crucial ecological processes needed to
keep ecosystems functioning properly. One important caveat
here is that even carefully selecting important traits to reflect
functional diversity in the trait space, one can only estimate the
real functional diversity present in the community (Diaz and
Cabido, 2001). Even so, our results lead to the conclusion that all
components of biodiversity are needed to describe and conserve
plant species diversity.

Under phylogenetic niche conservatism, species retain
ecological traits similar to their ancestors, so functional diversity
is expected to track evolutionary diversity (H2). Here we
found that the spatial congruence between phylogenetic and
functional diversity, in general, is unexpectedly low, however
the level of congruence depends on the area, as we expected.
The high phylogenetic diversity (i.e., MPD) across the open
diagonal of South America found here suggests an increase in
diversification of species adapted to seasonally dry conditions
driven by Quaternary climate changes (Kissling et al., 2012). The
Brazilian savanna (i.e., Cerrado), which is a prominent part of the

open diagonal, presented low congruence between phylogenetic
and functional diversity and shows lower functional diversity
compared to phylogenetic diversity, which is potentially due to
recent divergence events driven by climatic history (Pennington
et al., 2004) leading to ecological evolution and adaptation to
the new area. Further, lower functional diversity compared to
phylogenetic diversity was also found in the transition between
Amazonia, the Cerrado and Caatinga, in northeastern Brazil,
and Chaco. A mismatch between phylogenetic and functional
diversity might also be due to non-random species extinction
(Purvis et al, 2000), where species are filtered out due to
unfit traits (Cavender-Bares et al., 2004). On the other hand,
another area of recent geological change, western Amazonia
(Hoorn et al., 2010), presents an opposite pattern of higher
functional compared to phylogenetic diversity, which is due to a
disproportionate high functional diversity within the Bactridinae.

We found similar spatial patterns of congruence between
phylogenetic and functional diversity in rainforests and
seasonally dry ecosystems, contrary to our expectation (H2).
However, spatial congruence between phylogenetic and
functional diversity, described by MNTD, is slightly higher than
that described by MPD. Humid and seasonally dry ecosystems
have different, but interacting biogeographic histories that
relate both to geological events, such as Andean uplift and the
formation of the Amazon basin (Hoorn et al., 2010), the changes
in air and ocean currents that led to inland aridification across
the continent (Le Roux, 2012), and the closure of the Isthmus
of Panama that led to the biological interchange between North
and South America (Bacon et al., 2015). Even though historically
older geological events have influenced Neotropical evolution,
recent climatic and geological events have also had a crucial
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influence (Couvreur et al., 2011). Finally, much of the plant
adaptations to dry and seasonal climates in rainforest-originating
clades, such as Cocoseae, may be the result of convergent
evolution of the same set of traits to deal with environmental
filters such as drought and fire. Short or subterranean stems
increase plant survival after seasonal fires and drought, for
instance, are very common in savanna palms such as Acrocomia,
Allagoptera, Butia, and especially Syagrus (Bacon et al., 2017;
Noblick, 2017). The set of traits used here are widespread and
have evolved several times across the plant tree of life (Simon and
Pennington, 2012). A homogenization in functional strategies to
cope with drought and fire (Hoffmann et al,, 2012) can explain
the low functional diversity in places where there is somewhat
high phylogenetic diversity (i.e., South America open diagonal).

Temperature and precipitation are the main predictors of
palm taxonomic diversity (Eiserhardt et al., 2011a). There is also
evidence for historical and geographical factors modulating palm
species distribution among ecosystems of South America (Roncal
et al., 2010, 2011; Eiserhardt et al., 2011a; Freitas et al., 2016,
2019; Sanin et al., 2016). In this sense, evidence clearly points to
recent episodes of species diversification into the open diagonal,
including Attalea and Syagrus in the Brazilian Cerrado (Couvreur
et al., 2011; Freitas et al., 2016).

Our results on the Cocoseae may reflect a general pattern
for the palm family (Meerow et al, 2009, 2015; Eiserhardt
et al., 2011a), and as a widespread, characteristic plant family
in the Neotropics, may serve as a model to describe general
patterns of plant diversity. Our results taken together show an
unexpected lack of spatial congruence between the phylogenetic
and functional patterns of palm diversity across space. We
highlight the importance of incorporating different aspects of
biodiversity to meet the biodiversity goals for the 2020-2030
agenda (Hoban et al,, 2020). Species diversity is eroding quickly
due to a variety of threats, and here we describe how evolutionary
and functional diversity cannot be excluded from understanding
the patterns of biodiversity across space. It is a goal of the
Convention on Biological Diversity for 2030 to halt the loss of
genetic diversity of all species, and here we provide an explicit
overview on how the spatial relationships between the three facets
of biodiversity are not congruent. In fact, concentrating efforts on
studying large-scale patterns on taxonomic diversity on plants,
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