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Introduction: Understanding the relationships between taxonomic, functional,
and phylogenetic diversity and endemism across environmental gradients is
essential for elucidating the eco-evolutionary mechanisms that shape local
plant communities.

Methods: A database was compiled from field surveys, national herbarium
records, and virtual records of perennial plant specimens collected in the
aridity gradient of northern Chile, between 18 and 32°S. A large-scale dated
phylogeny of available perennial plants was used, and 11 functional traits were
selected to construct a dendrogram using the Unweighted Pair-Group Method
with Arithmetic Mean (UPGMA) method for the species present in our database.
We calculated spatial patterns of a-diversity, including taxonomic (TD), functional
(FD), and phylogenetic (PD) diversity, as well as weighted (WE), functional (FE),
and phylogenetic (PE) endemism. We used multiscale geographically weighted
regression (MGWR) to identify spatial congruencies and discrepancies among
these dimensions and to test different eco-evolutionary processes.

Results: The diversity indices TD, FD and PD showed similar geographic patterns
(R, > 0.93), with lower diversity observed in absolute desert regions. The pattern
of weighted endemism (WE) showed a weak association with functional
endemism (FE) and phylogenetic endemism (PE) (local R, < 0.48). The regions
with lower FD or PD than expected given the TD (i.e. FD<TD and PD<TD) are
mainly located in desert areas, as well as in high Andean areas influenced by the
Atacama Desert, suggesting communities with associated in situ speciation
processes, as well as a limitation of morpho-functional trait diversity in
response to extreme environmental conditions (environmental filter
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hypothesis). Similarly, where FE and PE values are higher than expected given the
WE (i.e. FE>WE and PE>WE), they are found in arid, high Andean and transitional
zones, at different altitudes, which would indicate a greater presence of
phylogenetic lineages and species with morpho-functional traits related to
extreme environmental conditions and transitional biomes (arid-semiarid).

Discussion: These spatial discrepancies suggest different eco-evolutionary
drivers between the dimensions of diversity and endemism (taxonomic,
functional, and phylogenetic). Areas of high diversity and high endemism do
not necessarily coincide, and both should be addressed by conservation efforts.

KEYWORDS

environmental filter, ecological opportunity, environmental heterogeneity, geographic
isolation, eco-evolutionary mechanisms

1 Introduction

Understanding the processes and mechanisms that shape the
distribution of biodiversity along environmental gradients remains
a central question in ecology and biogeography (Hawkins, 2001;
Kreft and Jetz, 2007; Xu et al,, 2019). Traditional metrics for
measuring diversity (e.g., taxonomic diversity (TD) and
phylogenetic diversity (PD)) or endemism (e.g., weighted
endemism (WE) and phylogenetic endemism (PE)) (Schall and
Pianka, 1978; Faith, 1992; Rosauer et al., 2009) treat all species as
morpho-functionally equivalent (Tilman, 2001; Petchey and
Gaston, 2006; Mammola et al.,, 2021). To address these
limitations, diversity metrics that incorporate functional trait
information have been developed to provide initial insight into
the role of ecological processes in community assembly (Petchey
and Gaston, 2006; Skeels and Yaxley, 2023).

The functional dimension provides information on the different
roles or functions of species in ecosystems as inferred from
morpho-physiological traits (Swenson, 2011; Volaire et al., 2020).
Functional diversity (FD) integrates the variability of traits in a set
of species, with high diversity of functional traits providing stability
through the coexistence of different strategies, allowing
communities to respond effectively to changing environments
(Petchey and Gaston, 2006; Cadotte et al, 2011; Ochoa-Ochoa
et al.,, 2020). Conversely, areas of endemism are essential because
they capture facets of biodiversity that are not represented
elsewhere. Functional endemism (FE), analogous to PE, describes
areas with high proportions of ecologically distinct but narrowly
distributed species (Skeels and Yaxley, 2023).

Recent studies have assessed multiple diversity dimensions (TD,
PD, and FD) and endemism (WE and PE) in plants, showing linear
covariation at global and regional scales (Scherson et al., 2017; Le
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Bagousse-Pinguet et al., 2019; Zhou et al., 2019; Doxa et al., 2020).
However, these metrics may exhibit low spatial association or
mismatch at local scales, reflecting different evolutionary (e.g.,
speciation, extinction, dispersal) and ecological (e.g., environmental
filtering, competition) mechanisms shaping spatial variation in plant
diversity and endemism (Doxa et al., 2020; Qian et al.,, 2021; Freitas
et al,, 2021). Various eco-evolutionary processes based on ecological
opportunity, habitat filtering, environmental heterogeneity, biotic
exchange, and geographic isolation have been proposed to explain
mechanisms in areas where these measures are incongruent
(Simpson, 1945; Zobel, 1997; Chesson, 2000; Voskamp et al., 2017;
Mraz et al,, 2016).

The ecological opportunity hypothesis proposes that rapid
diversification occurs in novel environments with ample space and
low competitive pressure, resulting in high TD and FD and low PD
(Simpson, 1945; Wellborn and Langerhans, 2015). Conversely, the
environmental filter hypothesis proposes low FD in sites with limited
ecological space or restrictive conditions (Keddy, 1992; Grime, 2006).
The environmental heterogeneity hypothesis suggests greater
phenotypic differentiation with greater spatial variation in water
and solar energy availability (Newbery et al., 1996).

Higher PD, indicating communities of distantly related species
compared to TD, may result from increased immigration due to
biotic exchange or ancient lineages with few distinct species
(Voskamp et al., 2017; Isaac et al., 2007; Davies and Buckley,
2011). On the other hand, several studies report a consistent
correlation between WE and PE, possibly due to local speciation
or climatic refugia harboring endemic species (Mraz et al., 2016;
Keppel et al., 2012; Mishler et al., 2014). However, studies of plant
communities with restricted distributions of functional traits, or
functional endemism (FE), and their spatial correlation with WE
and PE remain scarce (Skeels and Yaxley, 2023).
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Environmental gradients of altitude, precipitation, and biogeographic areas in the arid and semi-arid zones of northern Chile. (A) Altitude gradient of
Chile (Farr et al,, 2007); (B) Precipitation gradient in the arid and semi-arid zones of northern Chile (Fick and Hijmans, 2017) y (C) Biogeographic

areas in the arid and semi-arid zones of northern Chile.

1.1 Arid and semi-arid zones of
northern Chile

The arid and semi-arid zones of northern Chile (18 to 33°S)
offer unique opportunities to evaluate biogeographic hypotheses
related to latitudinal and altitudinal gradients in the distribution of
diversity and endemism patterns of perennial plant species. This
region, located in an altitude range from the coastal plains to over
3,000 masl in the Andes, has a pronounced climatic variation along
altitudinal and latitudinal gradients, between arid and semi-arid
climates, with precipitation of great spatial and temporal variability
(annual averages below 300 mm) (Garreaud et al., 2003;
Sarricolea and Romero, 2015). Four main ecosystems can be
identified (Figure 1):

i) The Atacama Desert: Known as the driest subtropical desert
in the Southern Hemisphere. Lower TD and PD (related
lineages) have been observed in this area as a result of in situ

speciation processes associated with aridity (Scherson et al.,
2017). In addition, we expect lower observed FD in response to
restrictive environmental conditions that limit functional trait
space (environmental filters hypothesis).

ii) Fog oasis: The coastal fog, known as “camanchaca”,
supports a unique and diverse flora in ecosystems
discontinuously distributed along the coastal mountain
range, like islands in the arid region, characterized by high
endemism (Rundel et al., 1991; Cavieres et al., 2002; Dillon,
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2005). We expect to find high values and correlations between
WE, PE and FE (geographic isolation hypothesis).

iii) Northern High Andes of Chile or Puna: Northern
distribution zone, between 18 and 32°S, above the tree line
along the Chilean Andes (based on Testolin et al, 2020),
characterized by a relatively recent (5-10 Ma) geological

origin (Hughes and Eastwood, 2006; Luebert and Weigend,
2014; Perez-Escobar et al., 2022) and is located on a steep
climatic gradient, with annual precipitation of about 160 mm
in the north (18°S), decreasing to 30 mm towards 23°S due to
the influence of the Atacama Desert (Villagran et al., 1983;
Arroyo et al., 1988; Rundel et al., 2002; Karger et al., 2017). The
current floristic composition is characterized by its diversity
(Arroyo et al., 1998; Rundel et al., 2002; Luebert and Gajardo,
2000). We expect to observe high TD and FD and low PD due
to diversification in novel environments with ample space and
low competitive pressure, especially in the north (18°S) with
higher rainfall (ecological opportunity hypothesis).

iv) Northern Central Chile: The climate of central Chile, between
30 and 32°S, varies from arid to semi-arid, with a north-south

moisture gradient, including winter precipitation conditions
(<300 mm) (Garreaud et al, 2003). It is a transition zone
between the Mediterranean and arid zones (Miller, 1976), an
ecotone between the last sclerophyllous forest of central Chile
and the dry scrub and succulent formations of the southern
Atacama Desert, resulting in high diversity (Bull-Herefiu et al,,
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TABLE 1 Predictions of spatial incongruence or congruence between
diversity and endemism measures.

Hypothesis Mechanism Predictions  Relationship
Area between
metrics

Ecological High in Desert, Puna and | PD < TD
opportunity situ speciation high Andean
Ecological High phenotypic Puna and PD < FD
opportunity differentiation high Andean

driven by wide

ecological space
Environmental Restrictive Desert FD < TD
filter environmental

conditions that

would limit

functional

trait space
Environmental Restrictive Desert FD < PD
filter environmental

conditions that

would limit

functional

trait space
Environmental Niche partitioning =~ Northern FD > TD
heterogeneity Central Chile

(27-33°S)

Biotic High immigration = Northern PD > TD
interchange and low in situ Central Chile

speciation rate (27-33°S)
Geographic Low dispersal or Fog Oases and Correlation
isolation geographic high Andean between WE, PE

isolation and FE

2005; Guerrero et al., 2011). We expect to observe higher PD
compared to TD, indicating distantly related species
communities, which may be the result of increased
immigration due to biotic exchange or old lineages with few
distinct species (biotic exchange hypothesis). In addition, we
expect higher FD compared to the other diversity dimensions
due to greater spatial variation in the availability of water and
solar energy (environmental heterogeneity hypothesis).

The purpose of this paper is to provide answers to the following
questions: How are multiple dimensions of diversity and endemism
correlated spatially (latitude and altitude)? Where do discrepancies
between these measures occur? Understanding the mechanisms
underlying the diversity of the perennial flora of arid and semi-arid
northern Chile will be advanced by examining the spatial
correlations and discrepancies in diversity and endemism
measures. Summary predictions based on the hypotheses and
mechanisms behind these patterns are described in Table 1.

2 Materials and methods
2.1 Study area and species occurrence data

The study area comprises the arid and semi-arid zones of Chile,
located between 18 and 32°S and covering approximately 302,039
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km?, and includes the main ecosystems in latitude and altitude
(Atacama Desert, Fog Oasis, Puna and North Central Chile)
(Figure 1). The perennial flora was used as a model because of its
temporal persistence and different drought tolerance mechanisms.
Perennial species with arboreal, shrub, sub-shrub, and succulent
growth forms were considered according to the classification of the
Catalogue of the vascular plants of Chile by Rodriguez et al. (2018),
non-native species were excluded (Supplementary Table SI). The
selection of growth forms follows Taylor et al. (2023), which
establishes the importance of shrubs and sub-shrubs in the
world’s main arid and Mediterranean biomes. In addition,
succulents are included due to their high endemism and
importance in Chile’s arid and semi-arid zones (Guerrero
et al., 2011).

A dataset of occurrence data was compiled from field surveys,
national herbarium records (AGUCH, CONC, MNHN, and ULS),
and virtual databases (e.g., Global Biodiversity Information Facility-
GBIF). Occurrences were corrected by eliminating outlier records
based on known ranges from the literature. We compiled a total of
117,926 unique occurrence records for 716 native perennial species
of Chile (out of a total of 851 species) (Supplementary Table S1),
with 115,475 records from the herbarium, 1,700 records from field
surveys, and 751 records from GIF, which were reprojected into a
WGS84 coordinate system (EPSG:4326). We used ‘dplyr’
(Wickham et al, 2023) for database query and management, ‘sf
(Pebesma and Bivand, 2023) and ‘terra’ (Hijmans, 2024) for spatial
data analysis.

2.2 Biodiversity analyses and associated
statistical tests

2.2.1 Grid cell size selection

The choice of grid cell size was based on redundancy values.
Redundancy is calculated as 1- [richness/(number of samples)]
(Garcillan et al., 2003). Redundancy ranges from 0 to 1. A value
close to one represents good overall species sampling, while a
value of zero means that there is only one sample per species, thus
poor sampling. An average redundancy (ARd) of 0.6 is
considered acceptable (Thornhill et al., 2016; 2017; Luebert
et al., 2022). We conducted the analyses at four spatial
resolutions: 25, 50, 75 and 100 km grid cells. We found that a
25 km x 25 km grid cell was the optimal size for our dataset
(Supplementary Figures S1, S2). The cells with low redundancy
(Iess than 0.6) were interpolated using Bayesian Kriging
with a search neighborhood of 1 to 2 cells in ArcgisPro 3.1.2
(ESRI, 2023).

2.2.2 Alpha diversity metrics

Taxonomic diversity (TD) was calculated as the number of
species in each grid cell (Laffan et al., 2008). Weighted Endemism
(WE) was calculated as the sum of the number of species present in
each cell in a local neighborhood, weighted by the fraction of the
area they inhabit (Laffan and Crisp, 2003), with high values
indicating centers of endemism.
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A global dated phylogenetic reconstruction of vascular plants
available in Smith and Brown (2018) was used to derive the
evolutionary criteria. Species present in the study area but absent
in the phylogenetic reconstruction were added to their respective
genera using the approach of Qian and Jin (2016) and Jin and Qian
(2023) have been commonly used in studies on phylogenetic
diversity and structure in regional and global floras (e.g. Yue and
Li, 2021; Zhang et al., 2021; Cai et al., 2023; Qian et al., 2024). 206
genera (out of a total of 236 genera present in this study) are
represented in the Smith and Brown (2018) phylogeny
(Supplementary Table S2). We pruned all species with no records
information (Supplementary Figure S3). For this we used
‘U.PhyloMaker’ package (Jin and Qian, 2023). Phylogenetic
diversity (PD) was estimated as the sum of branch lengths found
on each cell, considering a branch as the minimum distance
connecting each species to the most recent common ancestor.
Higher PD values indicate greater local phylogenetic divergence
(Faith, 1992). Phylogenetic endemism (PE) describes the extent to
which unique phylogenetic lineages are limited to restricted
geographic areas, and is defined as the total branch length of the
phylogenetic tree of lineages present in a grid cell divided by the
ranges of those lineages (Rosauer et al., 2009), with high values
indicating centers of endemic evolutionary origins.

We used the functional diversity (FD) approach proposed by
Petchey and Gaston (2006), which is based on a dendrogram
representing the functional relationships shared by species. A matrix
of traits per species was constructed to construct the dendrogram from
which FD is measured. We selected 11 traits to represent different axes
of functional strategy of the flora with respect to the climatic gradient of
temperature and precipitation (Supplementary Table S3). The traits
were weighted according to their functional importance for drought
resistance, from 0 to 1, with a higher weight indicating better plant
tolerance to drought. The functional trait weighting proposed by
Larrain-Barrios et al. (2018) for coastal desert plants in the Atacama
region of Chile was taken into account (Supplementary Tables S3, 54).
We calculated the Gower (1966) similarity coefficient, which was
converted to a dissimilarity distance matrix (D = 1-S) and subjected
to hierarchical cluster analysis using the UPGMA method to generate a
dendrogram (Petchey and Gaston, 2006) (Supplementary Figure S4).
This dendrogram represents the similarity of traits among species and
is used as a functional analog of phylogeny in PD. For this we used
cluster package (Maechler et al., 2021).

The FD index was estimated by trait dendrogram analysis,
defined as the sum of branch lengths of a functional dendrogram
constructed by cluster analysis (Petchey and Gaston, 2006). FD was
calculated for each grid cell. This metric does not require abundance
data, only records of species occurrence, and is well suited for
predicting ecosystem functioning (Petchey and Gaston, 2006; Zeng
et al., 2019). Functional endemism (FE) reflects how restricted to a
geographic range species with particular functional traits are found
(Skeels and Yaxley, 2023), which is an adaptation of the PE proposed
by Rosauer et al. (2009). This adaptation involves replacing branch
lengths from the phylogeny with branch lengths from the functional
dendrogram (UPGMA). High values would indicate species centers
with particular functional trait sets in a specific region.
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The 716 native perennial species were considered for all
analyses (Supplementary Table S1). All metrics of diversity and
endemism were calculated using the Dinamica EGO 7.8 software
and the Biodinamica 2.2 package (Oliveira et al, 2019) in the R
programming language.

2.2.3 Association and geographic mismatches
between different dimensions of diversity
and endemism

The relationships between the different dimensions of diversity
and endemism of the perennial flora of the arid and semi-arid zone
of Chile were evaluated using Multiscale Geographically Weighted
Regression (MGWR) (Fotheringham et al., 2017). Six models were
run to explore the relationships between the dimensions of diversity
as well as endemism, and the percentage of variation explained by
each size was evaluated: 1) FD ~ TD, 2) PD ~ TD, 3) FD ~ PD, 4)
WE ~ FE, 5) WE ~ PE, and 6) FE ~ PE. Local regressions (R?) were
calculated for each model, assuming a Gaussian function with a
bandwidth obtained by a “golden section search” based on
minimizing the value of the Akaike information criterion (AICc).
The distribution of local fits (local R?) generated by the MGWR
provides insight into the spatial variation of the relationships
between the diversity and endemism dimensions. An area with a
higher local R* indicates a more significant association between
pairs of variables (ie., TD ~ FD, TD ~ PD, and FD ~ PD). In
addition, MGWR residuals were plotted to assess the magnitude
and direction of the discrepancy or mismatch between the different
measures of diversity and endemism along the latitude and altitude
of the study area, to test the hypotheses described above and in
Table 1. For example, FD ~ PD is a positive residual indicating sites
where ecological opportunity and competitive interactions facilitate
trait diversification (e.g., FD > PD), and negative residuals indicate
where FD is limited by habitat filtering (e.g., FD < PD). ArcgisPro
3.1.2 (ESRI, 2023) software was used.

3 Results

3.1 Floristic composition in the arid and
semi-arid northern Chile

The perennial flora of the arid and semi-arid north of Chile is
composed of 43 orders, 75 families, 236 genera and 851 species
(Supplementary Table S1). The floristic composition is unbalanced
in the tree of life, as ten plant families represent more than 73% of
all species evaluated, while the remaining 65 families represent less
than 26.4% of plant diversity. In particular, the Asteraceae families
represent about 30.6%, being predominant in the arid and semi-arid
ecosystems of Chile (Table 2). The 10 genera with the highest
species diversity represent 40.2% of the floristic composition. The
genus Senecio was the most representative with 11.6% (99 species).
On the other hand, the most common life form is shrub with 52.0%
(443 species) and sub-shrub with 28.5% (243 species)
(Supplementary Table S1 and Supplementary Figure S5).
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TABLE 2 Number of species recorded for the ten most common families and genera present in the perennial flora of arid and semiarid northern Chile.

Percent (%)

Species number

Species number  Percent (%)

Asteraceae 260 30.6 Senecio 99 11.6
Cactaceae 114 13.4 Adesmia 46 5.4
Fabaceae 89 10.5 Eriosyce 39 4.6
Solanaceae 34 4 Haplopappus 35 4.1
Verbenaceae 30 35 Copiapoa 34 4
Boraginaceae 26 3.1 Nolana 22 2.6
Nolanaceae 22 2.6 Heliotropium 19 22
Calceolariaceae 18 2.1 Calceolaria 18 2.1
Chenopodiaceae 18 2.1 Baccharis 16 1.9
Apiaceae 15 1.8 Atriplex 14 1.6
Total 626 73.6 Total 342 40.2

3.2 Diversity and endemism patterns

Of the total number of species inventoried (851 species),
functional and phylogenetic information was obtained for 716
native species, representing 84.1% of the total flora recorded. For
all subsequent analyses, these 716 native perennial species were
considered (Supplementary Table S1).

Taxonomic (TD), functional (FD) and phylogenetic (PD)
diversity indices show similar geographic patterns (r* > 0.93;
Figure 2) with a positive latitudinal gradient from north to south
for all diversities (Supplementary Figure 56). The highest diversity
values are concentrated in the highlands of northern Chile (18°S)

-R2=0.96

Taxonomic diversity (TD)_scaled

Functional diversity (FD)_scaled

Functional diversity (FD)_scaled

-1 0 1
Phylogenetic diversity (PD)_scaled

FIGURE 2

and coastal areas between 24° and 32°S, extending southward from
the coast to the mountains from 28°S (Figure 3, Supplementary
Figure S6). Regions of high diversity (TD, FD, and PD) correspond
to areas with higher rainfall or available moisture for plants, such as
the mountainous areas of northern Chile (18°S), semi-arid zones,
pluvial-seasonal transition zones between 27° and 33°S, and coastal
fog oasis areas south of 24°S. Conversely, desert areas show low
diversity (Figure 3). The highest TD in a single cell was 128, while
the FD reached a maximum of 30,2 and the PD was 5,444. In
addition, regardless of the spatial resolution (e.g., 100 and 75 km
grid), the spatial patterns of TD, FD, and PD are consistent
(Supplementary Figure S7).

-R2=0,93

Taxonomic diversity (TD) scaled

-1 0 1 2 3
Phylogenetic diversity (PD)_scaled

R2=093

2 3

Multiscale geographically weighted regression (MGWR) between TD, FD and PD spatial patterns of the perennial flora of northern Chile. (A) TD~FD;

(B) TD~PD, and (C) FD~PD.
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Spatial patterns of endemism: (A) Weighted endemism (WE), (B) Functional endemism (FE), and (C) phylogenetic endemism (PE) of the perennial

flora of northern Chile.

Weighted endemism (WE) show a low association with
functional endemism (FE) and phylogenetic endemism (PE) (<
0.48) (Figure 4). Weighted endemism (WE) show patterns with
peaks in the highlands of northern Chile (18°S) and coastal sectors
between 24° and 32°S (Figure 5). FE and PE show a higher spatial
association (r* > 0.90) (Figure 4), concentrated in the 24°S surthem
in the coastal fog oases, as well as in transition zones and northern
central Chile (Figure 5 and Supplementary Figure S8). The highest
WE in a single cell was 108, while FE reached a maximum of 0.003
and PE was 0.003. Importantly, the spatial patterns of WE, FE, and
PE are consistent regardless of spatial resolution (e.g., 100 and 75
km grids) (Supplementary Figure S9).

3.3 Spatial congruence and mismatch of
diversity and endemism

There is a wide variation in MGWR (local R?), both spatially
and numerically, among different diversity dimensions
(Supplementary Figure S10). For TD ~ FD and FD ~ PD, areas of
highest association (local R?> 0.80) occur in northern Chile (18-19°
S) and at different altitudes in the transitional semi-arid and pluvial-
seasonal zones (26-30°S). However, areas of lower association (local
R*~0.50) are observed (Supplementary Figure $10), located in the
desert, fog oasis, and northern central Chile, between 21-32°S at
different elevations. TD-PD patterns show highly significant spatial
association (local R? > 0.88) in different areas of northern Chile (18-
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21°S), coastal, desert, and transitional sectors between 26- 29°S at
different elevations (Supplementary Figure S10B).

The MGWR residual maps show discrepancies between
different diversity dimensions (Figure 6). For FD ~ TD and PD ~
TD, high positive residuals indicate more FD or PD than expected
given TD (i.e. FD>TD and PD>TD, blue color), primarily in areas
of higher water availability such as the Puna, high Andean areas and
fog oases (Figure 6). On the other hand, negative residuals indicate
less FD or PD than expected given TD (i.e., FD<TD and PD<TD,
red color), which are located in desert and transitional zones (18-
32°S) at different altitudes, as well as in high Andean zones
influenced by the Atacama Desert (22-23°S) (Figure 6). High
negative residuals indicate more PD than expected given the FD
(i.e., PD>FD, red colors), which are located in restrictive
environmental conditions such as desert areas and transition
zones (18-32°S) at different altitudes (Figure 6).

In terms of endemism patterns, FE ~ PE shows specific areas of
higher spatial association (local R* > 0.50), concentrated throughout
the study area, with the exception of the High Andean zone between
23-27°S (Supplementary Figure S11). In contrast, weighted
endemism (WE) shows low association with FE and PE (local R?
< 0.37 and 0.36, respectively) in desert, high Andean and
transitional zones (18-32°S) at different elevations (Supplementary
Figure S11).

The MGWR residual maps show the discrepancies between the
different dimensions of endemism (Figure 7). For WE ~ FE and
WE~ PE, high positive values indicate more WE than expected
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given the FE and PE (i.e. WE>FE and WE>PE, blue color) in areas
in the Puna (18°S) and along coastal areas (Fog oasis). In contrast,
the locations where FE and PE are higher than expected given the
WE (negative residuals, i.e. FE>SWE and PE>WE, red color) are
found in the desert, high Andean and transitional zones at different
elevations. The spatial pattern for PE ~ WE is similar to that for FE
~ WE. The mismatch between PE and FE is unclear (Figure 7).

4 Discussion

4.1 Composition of the perennial flora of
the arid and semi-arid zone of
northern Chile

We found 851 perennial species inhabiting the arid and semi-
arid zone of northern Chile (Supplementary Table S1). This number
represents 15.6% of the total vascular flora of the country (5,471
species according to Rodriguez et al. (2018)), inhabiting 39.9% of
the national territory. The 10 most important families by number of
species represent more than 70% of the total number of species
recorded. In particular, Asteraceae and Cactaceae together account
for more than 43% of the species recorded (Table 2), whose high
representation in arid and semi-arid zones has been previously
reported (Guerrero et al., 2011; Moreira-Muiloz et al., 2012;
Vanderplank et al., 2014). However, the hyperdominance of a
small number of families that form communities is not unique to
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the arid and semi-arid perennial flora of Chile, as it has been
documented in other ecosystems, such as Neotropical rainforests
(Carim et al, 2015) and Neotropical dry forests (Banda-R
et al., 2016).

4.2 Spatial patterns of diversity
and endemism

The geographic distribution patterns of taxonomic diversity
(TD), functional diversity (FD), and phylogenetic diversity (PD) in
the perennial flora of northern Chile show consistent spatial
correlations, as theoretically expected (De Bello et al., 2006; De
Bello, 2012; Rocha-Santos et al., 2023). In particular, diversity shows
a bimodal latitudinal pattern, with the highest TD, FD, and PD
occurring in the Puna or highlands of northern Chile (18°S), as well
as in areas south of 24°S (fog oasis, pluvial-seasonal transition
zones, and northern central Chile) (Figure 3 and Supplementary
Figure S6). In general, these regions of high diversity correspond to
areas with higher rainfall or available to plants, such as the Puna
(18°S); this area benefits from the Bolivian winter edge effect,
resulting in increased annual precipitation levels, primarily
exceeding 350 mm (Romero and Kampf, 2003); the coastal Oasis
Fog (18-31°S), known as “camanchaca”, which occurs when cold,
moist air from the Pacific Ocean meets warmer land, causing the
moisture to condense and form fog; and the climate of northern
central of Chile with winter rainy season conditions (>300 mm)
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(Garreaud et al., 2003). Conversely, it is noteworthy that floristic
formations with reduced TD, FD, and PD are predominantly
located within the Arid Diagonal (23-29°S). This has created a
severe environmental filter that allows only lineages with specific
morphological traits to thrive and reproduce in the desert.

The geographic pattern of WE shows a low association with
functional (FE) and phylogenetic (PE) endemism, while FE and PE
patterns are more spatially aligned (Figures 4, 5). The low
association between the taxonomic and evolutionary dimensions
of endemism has been reported in other ecosystems and spatial
scales (Daru et al, 2015). The highest values of species with
restricted distributions (WE) are concentrated in the northern
highlands or arid Puna (18°S), documented as a center of regional
plant endemism (Lambrinos et al., 2006), and the coastal Oasis Fog
(24-31°S), generating local endemism hotspots in arid zones
precipitation and topographic complexity (Arroyo et al., 2006;
Larrain-Barrios et al., 2018).

4.3 Spatial discrepancies between diversity
and endemism dimensions

While there is a general positive correlation between the three
dimensions of diversity (taxonomic, phylogenetic, and functional),
local discrepancies in these relationships (local R*) highlight the
presence of different ecological and historical determinants. Lower
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FD than expected given TD in absolute desert, as well as in different
locations of transitional semi-arid environments in north-central
Chile between 24 and 32°S (Figure 6A), is consistent with
environmental filtering driving similarity or convergence in
morphological traits (Echeverria-Londofio et al., 2018; Larrain-
Barrios et al., 2018).

According to the ecological opportunity hypothesis, we
predicted lower PD than TD and FD to occur in areas of high in
situ speciation and/or low immigration or high phenotypic
differentiation driven by large ecological space (Table 1). The
present results indicate that lower PD values than expected, given
TD, are found in the desert (Figure 6B). Scherson et al. (2017) show
that desert areas in Chile, California, and Australia have a lower PD
than other vegetation types, mainly due to the relatively recent
origin of modern deserts from the Oligocene to the Miocene (35 to 5
million years ago). The results also indicate a higher FD than
expected given the PD along the Puna between 18 and 23°S in
discontinuous areas (Figure 6C), consistent with an increase in
growth form diversity associated with habitat heterogeneity
(Lambrinos et al., 2006).

A third spatial pattern of positive FD ~ PD residuals (FD>PD)
occurs in scattered areas distributed along the fog oases between 21
and 31°S (Figure 6C). Stotz et al. (2021) observed that fog vegetation
communities between 23 and 32°S, which are affected by reduced
precipitation, have lower species diversity. However, this did not
translate into a loss of functional diversity, suggesting that fog oasis
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communities are resilient to environmental change and could
therefore maintain their functional diversity.

Under the hypothesis of environmental heterogeneity, it was
predicted that significant spatial variation in water and solar energy
availability would generate a greater diversity of niches that species with
different environmental preferences and ecological strategies can
occupy (Table 1). The present results show that sites with higher FD
than expected given TD are located in the Puna (18-24°S), as well as in
scattered north-central high Andean areas between 28-32°S, and also in
the fog oases (24-32°S) (Figure 6A), areas where desert conditions are
more attenuated due to increased precipitation or fog capture
(Garreaud et al,, 2009). The perennial flora shows higher functional
diversity than expected, possibly due to both a larger niche space and a
wide range of functional strategies.

These results show a high spatial association between FE and PE
(local R* >0.90, Figure 4 and Supplementary Figure S11C), with a
higher fit in the desert and different zones in the fog oases, high
Andes, and north central Chile. However, high positive values
indicate more WE than expected given the FE and PE (i..
WE>FE and WE>PE, blue color) in the coastal desert, especially
in the fog oases between 24 and 32°S (Figure 7). In these areas,
which occur as fragments of vegetation along the coastal zone, like
islands in the desert above the Coastal Cordillera, they are
characterized by a high diversity and endemism (Cavieres et al,
20025 Dillon, 2005). Another important factor is the coastal
topography, which in some of its areas presents isolated
mountains that intercept the clouds, where foggy areas develop
with a layer of stratification concentrated towards the slopes (Dillon
and Hoffmann-J, 1997). The topographical complexity and the
presence of coastal fog are the key to the great diversity of the
coastal desert flora, where the formation of local endemism’s is
generated by the general isolation of the flora and the limitation of
vegetation to ravines and foggy areas separated from each other
(Larrain-Barrios, 2007).

5 Conclusion

We found evidence for geographic discrepancies, suggesting
different eco-evolutionary drivers between the dimensions of
perennial flora diversity and endemism across the aridity gradient
in Chile. Our primary results show a strong linear covariation
between the three dimensions of o-diversity (TD, PD, and FD)
(r*>0.93). Locally, the different dimensions of o.-diversity show
areas of low association or spatial mismatch. They are mainly
concentrated in the following areas: 1) Arid zones in the northern
regions of the country (18-26°S) with lower FD or PD than expected
given the TD, suggesting communities with associated in situ
speciation processes, as well as a limitation of morpho-functional
trait diversity in response to extreme environmental conditions
(environmental filter hypothesis); 2) Fog oasis, between 24 and 32°
S, with higher FD or PD than expected given the TD, which could be
related to a variation in the availability of water and solar energy,
generating a greater diversity of niches that can be occupied by
species with different environmental preferences and ecological
strategies (environmental heterogeneity hypothesis) and 3) In the
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northern Chilean Andes, especially at 18°S, with higher FD than
expected given the PD, consistent with an increase in trait diversity
associated with the habitat heterogeneity hypothesis.

In contrast, taxonomic endemism or WE shows a weak
association with PE and FE (r2<0.48) at the regional scale, where
FE and PE values are higher than expected given WE and are found
in arid, high Andean and transitional zones, at different altitudes.
This would indicate a greater presence of phylogenetic lineages and
species with morpho-functional traits related to extreme
environmental conditions and transitional biomes (arid-semiarid).

Finally, the present approach to functional diversity based on
morphological traits may not be sufficient to understand the
environmental and ecophysiological constraints to which plants
are exposed in arid and semi-arid zones. However, the results
obtained here could be used as a first approximation to contrast
the use of physiological traits related to drought tolerance, as well as
to compare them with finer spatial resolutions along the arid
gradient of Chile.
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