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Abstract Geoclimatic events driving South American aridization have generated biota differentiation due to
barriers and new environment formation. New environments allow species climatic niche evolution, or the
geographical expansion of an existing one. Understanding the role these processes play may clarify the
evolution of South American biota. Gomphrena L. ranges across almost all the continent's arid environments.
We tested whether South American drylands are biogeographically connected through the Gran Chaco but, due
to different aridity levels, lineage diversification could have also been associated with the evolution of climatic
niches and morphological or physiological traits. With available data, we generated a dated phylogeny,
estimated ancestral ranges, performed diversification analyses, reconstructed ancestral states of two
characters, and examined if niches have changed between lineages. Results showed that Gomphrena
diversified throughout the easternmost South American drylands ~15.4 Ma, and subsequently three
independent clades colonized the western arid regions during the last Andean pulse, and after the marine
transgressions (~4.8—0.4 Ma) via the Gran Chaco. The colonization implied an increase in the diversification rate
of annuals over perennials and the progressive east-west differentiation of the occupied climatic niche. This
diversification was influenced by C, photosynthesis, which could have acted as a niche opener to conquer new
environments after the Paranaean Sea withdrew. Spatiotemporal patterns found in Gomphrena suggest that
geographical expansion and evolution of climatic niches played a common but decoupled role in promoting
diversification. These results show that the Gran Chaco may have acted as a historical connection linking South

American drylands.

Key words: arid-adapted clade, Chaco, climatic niche evolution, dry diagonals, Gomphrena, habit evolution.

1 Introduction

The species diversity within and among biomes and
environments that we observe today has been modulated
by the interaction of biotic, climatic, and geological factors
over time (Benton, 2009). These events have modified the
historical landscape, driving biota differentiation due to the
formation of barriers or the creation and expansion of new
environments. The emergence of new environments and
new abiotic conditions available may imply niche evolution
during biota differentiation (Lorch et al., 2021) or it may just
involve the spatial expansion of an existing climatic niche
(Glade-Vargas et al., 2021; Salariato et al., 2022). In particular,
the environmental aridization that took place since the late
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Miocene (Ortiz-Jaureguizar & Cladera, 2006; Hoorn
et al,, 2010; Achimdn et al., 2018) has been put forth as the
cause of diversification in several plant groups worldwide
(e.g., Euphorbia L., Euphorbiaceae, Garrick et al., 2009;
Pugionium Gaertn., Brassicaceae, Wang et al., 2013; Barna-
desioideae, Asteraceae, Lorch et al., 2021; Anarthrophyllum
Benth., Fabaceae, Achimdn et al., 2018; Atacama endemic
taxa, Luebert & Weigend, 2014; Mutisia L. f., Moreira-Mufioz
etal., 2020; Atripliceae, Amaranthaceae, Brignone et al., 2022).
However, it is difficult to decouple the role of climatic factors
(i.e., diversification with niche differentiation) from the
role of the spatial expansion of an existing niche (i.e.,
diversification with niche conservatism) and establish which
may have been the main driver of biota diversification.
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South American arid systems have a long evolutionary
history, acting as centers of diversification for many plant
lineages and including several globally important hotspots of
plant diversity (Abraham et al., 2020). Throughout the
continent, dry and arid lands configure two clearly defined
diagonals (Fig. 1A). One of these refers to the concatenation
of the Caatinga, Cerrado, and Gran Chaco regions, from
northeastern Brazil to northwestern Argentina (eastern
South American Dry Diagonal; eSADD). The second dry
diagonal refers to the Coastal deserts, Puna, Prepuna, Monte
Desert, and Patagonian Steppe territories from southwestern
Ecuador to southeastern Argentina (western South American
Dry Diagonal; wSADD; Sarmiento, 1975; Werneck, 2011;
Abraham et al., 2020; Luebert, 2021). The eSADD is generally
more humid than the wSADD and has more pronounced
rainfall seasonality, with precipitation concentrated in
summer, while the wSADD tends to be less seasonal due
to yearround aridity, with little precipitation largely
occurring in winter (Luebert, 2021)—the concepts “dry”
and “arid” to define both diagonals are here employed in a

|:| Eastern sADD

- Western sADD

. Georeferenced occurrence
data for Gomphrena s.str. species

wide sense, referring to geographical areas that comprise
whether arid lands, drylands, or humid regions that become
arid or semiarid during a dry season.

The connection between South American arid regions was
affected by marine transgressions and several alluvial
systems during the final period of their establishment (Mid
Miocene-Early Pliocene; 5-11 Ma, Iriondo, 1992; Herndndez
et al,, 2005). Three successive Atlantic marine transgressions
were recorded in the area that corresponds to central and
northern Argentina, Uruguay, the eastern slopes of the rising
Andes of northern Bolivia, southern Peru, and Venezuela
(Ortiz-Jaureguizar & Cladera, 2006). These geological events,
concomitant with the stabilization of arid climatic conditions
throughout the continent, promoted the appearance and
disappearance of barriers that connected the two arid
systems (i.e., eSADD and wSADD). Specifically, the extensive
flooded area of the last marine transgression called the
“Paranaean Sea” (see Kessous et al., 2020), was followed by
spread plains, creating new terrestrial environments in the
area of the Gran Chaco. Faced with this scenario, we ask

Fig. 1. A, Geographic distribution of the genus Gomphrena s.str. in America. Black dots indicate species occurrences, and
colored areas indicate Eastern and Western South American Dry Diagonals (SADDs). Ecoregions encompassed by the SADDs
follow Luebert's (2021) description, with the addition of the Central Andean Puna and Central Andean wet Puna (Olson
et al., 2001) to the wSADD. Plants' images correspond to B, Gomphrena phaeotricha. C, Gomphrena pumila. D, Gomphrena
meyeniana. E, Gomphrena mendocina. F, Gomphrena haenkeana. G, Gomphrena graminea. H, Gomphrena celosioides.

1, Gomphrena perennis. Credits: (B) Juan Manuel Acosta; (C, D) Christian Zanotti; (E) Diego Salariato; (F, G) Fernando Omar

Zuloaga; (H, 1) Lone Aagesen.
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whether the emerging land that corresponds to the Gran
Chaco acted as a biogeographical connection, making the
exchange of lineages between the two arid diagonals
possible. Moreover, did the establishment of the Gran Chaco
imply the appearance of a new climatic niche, or simply the
spatial expansion of an existing one? By answering these
questions, we aim to contribute to understanding the role of
the Gran Chaco in the diversification of South American
biota, an issue relatively unexplored or only recently
explored (see Luebert, 2021; Griotti et al., 2023).

Even though the floristic composition shared between
the eastern and western dry diagonals seems weak
(Sarmiento, 1975; Ab'Saber, 1977; Prado & Gibbs, 1993;
Prado, 2000; Linares-Palomino et al., 2003; Pennington
et al, 2009; Linares-Palomino et al.,, 2011, 2015; Dryflor
et al., 2016), several taxonomic groups have been recorded
with taxa distributed in both arid regions (plants: Skytanthus
Meyen, Apocynaceae, Prado, 2003; Paniceae, Poaceae,
Zuloaga et al., 2007; Leandra Raddi, Melastomataceae,
Reginato & Michelangeli, 2019; Bulnesia Gay, Zygophyllaceae,
Bohnert et al., 2020; animals: Rhophitinae, Halictidae, Zanella
& Martins, 2003). Among arid-adapted taxa, the plant genus
Gomphrena L. (Gomphrenoideae, Amaranthaceae Juss.) is
distributed in most environments of both dry diagonals
(except the Coastal Deserts and Patagonian Steppe in the
wSADD; Fig. 1A) and is one of the most widespread and
species-rich genera within the Amaranthaceae family,
composed of approximately 120 species (globally), including
subshrubs and herbs (both perennial and annual; Figs. 1A—1H).
There is a high richness of Gomphrena s.str. species in the
Central Andes, the Argentine and Bolivian Puna, and the
Caatinga and Cerrado habitats in Brazil (Acosta & Bena, 2020).
The most recent ancestor of the genus was estimated to
have emerged around 15.1 Ma (Ortufio & Borsch, 2020). Given
the geographical distribution of Gomphrena s.str. in South
America and its estimated origin, the genus constitutes an
ideal system to understand the role of the Gran Chaco in
connecting arid environments in both dry diagonals over
time. Moreover, the independent evolution of traits such as
annual habit, taproots, and tuberose roots among Gom-
phrena s.str. species (Pedersen, 2016; Acosta & Bena, 2020)
suggests a direct link between the genus's diversification and
the evolution of arid South American environments.
Furthermore, Bena et al. (2017) found evidence for a climatic
niche change of C, Gomphrenoideae into more arid
environments than those occupied by their C; sister lineages,
as well as a niche expansion into regions with colder winter
climates. In this context, it has been proposed that C,
photosynthesis appears to act as a niche opener, initially
facilitating a geographic expansion of the inherited niche,
whereas specialization to adapt to the new environment,
through morphological or physiological changes, may be a
delayed process that could generate speciation in the new
habitat (Lundgren et al., 2015).

According to previous studies, the genus Gomphrena s.str.
probably diversified in the New World tropics (Bena
et al.,, 2020; Ortufo & Borsch, 2020). We, therefore, argue
that the genus first diversified along the eastern South
American drylands and subsequently colonized the western
arid regions through the Gran Chaco as a biogeographical
connection after Atlantic marine transgressions withdrew.

J. Syst. Evol. 62(4): 758-774, 2024

Thus, our main expectations are that (i) the ancestral
distribution range of the genus was composed of regions
throughout eSADD; (i) the species and clades that currently
inhabit wSADD regions are young lineages within Gomphrena
s.str., and diversified during the most recent Andean pulses
(7-2.5 Ma; Hoorn et al., 2022; Pérez-Escobar et al., 2022) and
after marine transgressions (15.5—7 Ma; Ortiz-Jaureguizar &
Cladera, 2006); (iii) the ancestors of wSADD lineages were in
the Gran Chaco; (iv) there were morphological, physiological,
and climatic niche changes between lineages inhabiting the
different SADDs; and (v) there was a change in the
diversification rates during colonization of the new wSADD
environments. To test these predictions, we reproduced the
existent dated phylogeny of Gomphrena s.str. (Ortufio &
Borsch, 2020), we estimated divergence times and ancestral
distribution ranges, performed ancestral state reconstruc-
tions of the habit and the photosynthetic pathway, and
carried out a diversification analysis to elucidate the
biogeographic history of the genus in South America. We
also used distributional and bioclimatic data and niche
modeling algorithms to compare climatic niches among
Gomphrena s.str. clades and determine the role climatic niche
evolution has played in the genus's diversification within the
arid regions of South America.

2 Material and Methods

2.1 Phylogenetic and divergence time estimation

Using open-source data, we reconstructed the phylogenetic
relationships and estimated the divergence times among
Gomphrena s.str. species employing an extended data set of
the subfamily Gomphrenoideae, and closely related sub-
families among Amaranthaceae s.l. (Niaxa = 148; Table S1). We
searched GenBank for all available sequences of trnL-F, rpl16,
and matK regions (Nsequences =311; Table S1). In total, we
analyzed 41 species as the ingroup (33 American species of
Gomphrena s.str.; two species of Guilleminea; and six
Gomphrena from Australia, Table S1). Additionally, we
included 107 species of the Amaranthaceae s.l. as outgroups,
from which 44 are gathered within the subfamily Gom-
phrenoideae and the remaining 63 from further subfamilies
(Table S1). Sequences were initially aligned with ClustalX v.2.0
(Larkin et al., 2007) under default settings and then adjusted
manually using Bioedit v.7.0.9.0 (Hall, 1999). The phyloge-
netic analyses were performed through Bayesian approaches
implemented in the software BEAST v.1.7.5 (Bayesian
Evolutionary Analysis by Sampling Trees; Drummond &
Rambaut, 2007). We used a concatenated data set, allowing
each partition an independent substitution model. The
parameters for these were set based on the program
jModelTest2 v.2.1.6 (Posada & Crandall, 1998) implemented
in the CIPRES portal (cyberinfrastructure for phylogenetic
research; Miller et al., 2010). The best substitution models
were HKY + | + G for matK, and HKY + G for trnL-F and rpl16.
The relaxed Bayesian clock was implemented, with rates for
each branch drawn independently from a lognormal
distribution (Drummond et al.,, 2006). A “birth and death”
prior was set for branch lengths. Since there are no known
Gomphrenoideae fossils, we defined three secondary
calibration points by using the age estimates of Di Vincenzo
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Table 1 Clades and their age ranges employed for secondary
calibration of the molecular clock (taken from Di Vincenzo
et al., 2018)

Age range
Clade (lower—upper Ma) Mean SD
Achyranthoids + 21.42—-33.86 27.7 2.0
Gomphrenoids
Achyranthoids 15.79-27.89 22.2 2.0
Amaranthoids 17.12-34.30 25.7 2.0

et al. (2018): the age for the crown group of the
Achyranthoids + Gomphrenoids clade; the age for the crown
group of Achyranthoids; and the age of the Amaranthoids
(Table 1). Age distribution priors for the secondary calibration
points were included with “normal” age distributions equal
to the 95% highest posterior densities interval (HPD). We ran
the analysis with 50 x 10° generations, with a Yule tree prior,
starting with a random tree and sampling parameters every
5000 steps. The convergence of the Markov chain Monte
Carlo (MCMCQ) runs and the adequacy of the burn-in length
were confirmed using the program Tracer v.1.7 (Rambaut
et al., 2018). The maximum clade credibility tree (MCCT) was
calculated using TreeAnnotator v1.7.5 (Drummond et al., 2012),
excluding the first 25% of the sampled trees (burn-in fraction
of 0.25).

2.2 Ancestral range estimations

For these analyses, we focused on the American species of
Gompbhrena s.str. We defined seven areas encompassing the
current distribution of the genus in America, taking into
account ecoregions (Olson et al., 2001), aridity values (United
Nations Environment Programme aridity index [UNEP], 1993),
and an altitude gradient along the Andean region across the
western SADD: (i) North America; (ii) Andean region above
2600 masl; (iii) Andean region up to 2600 masl; (iv) Dry
Chaco; (v) Humid Chaco; (vi) Brazilian Cerrado, and adjacent
ecorregions; and (vii) Caatinga and adjacent (buffer) areas
(see Fig. 2A; Table S2). We used the R package BioGeoBEARS
(Matzke, 2013) to compare biogeographical models and
estimate ancestral ranges of the American species of
Gomphrena s.str. This package implements maximum like-
lihood methods that replicate the key assumptions of the
three most widely used methods in historical biogeography,
namely dispersal-extinction—cladogenesis (DEC; Ree &
Smith, 2008), dispersal-vicariance analysis (DIVA); Ron-
quist, 1997), and BayArea (Bayesian Inference of Historical
Biogeography for Discrete Areas; Landis et al., 2013), allowing
comparison among them. DIVA and BayArea are not identical
to their original formulation and are referred to as DIVALIKE
and BAYAREALIKE in BioGeoBEARS (Matzke, 2013). Collec-
tively, these models allow for a wide range of processes,
including within-area speciation, vicariance, range expansion
(dispersal to a new area), and range contraction (extinction
in an area). We also tested models with and without founder-
event speciation, which is incorporated with the j parameter.
In such an event, range switching (e.g., from South America
to North America) occurs with a lineage-splitting event (a
node in the phylogeny), leaving one daughter lineage in a
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new range and the other daughter lineage retaining the
ancestral range. Such range-switching events are restricted
to nodes, as it is considered unlikely that an entire lineage
would simultaneously disperse to a new area and go extinct
in its ancestral area (Matzke, 2014).

We set the maximum range size to four because this is the
current maximum number of areas occupied by the analyzed
taxa. We incorporated time-stratified dispersal multiplier
matrices in the model fitting to account for the changing
distances between the regions over geological time. We
constrained our analysis based on the most critical geo-
climatic events during the Andean uplift pulses by dividing
the multiplier matrix into four time periods: (i) 17.5-15.5 Ma,
defined by the genus diversification (Ortufio &
Borsch, 2020); (i) 15.5-7 Ma, defined by the Middle and
Late Miocene Atlantic marine transgressions recorded in
southern South America (the “Paranaean Sea”) (Ortiz-
Jaureguizar & Cladera, 2006; Kessous et al., 2020);
(iii) 7-2.5Ma, defined by the culmination of the Andean
uplift (Hoorn et al., 2022; Pérez-Escobar et al., 2022); and
(iv) 2.5-0.1 Ma, defined by the cyclical Pleistocene glaciations
(Rabassa, 2008). The dispersal multiplier matrices for each of
these strata give the relative probability of dispersal between
areas and are roughly scaled to represent the relative
distance between the areas during each time slice. We tested
a total of 12 models (Table 2), which varied in the number
and types of free parameters included. The free parameters
were d (the base rate of range expansion), j (the per-event
weight of founder-event speciation at cladogenesis;
Matzke, 2014), e (the rate of range contraction), and w
(exponent on manual dispersal multipliers (Matzke, 2014).
We used the corrected Akaike information criterion (AlCc;
Burnham & Anderson, 2002) to select among the models; the
best-fit model with the lowest AlCc score was used to infer
the relative probabilities of ancestral ranges within the

phylogeny.

2.3 Traits evolution

Based on the existing bibliography, we characterized the
habit (annual/perennial) and photosynthetic pathway (C5/C,)
of each species (including taxa not sampled in the
phylogeny) and assessed their distribution across each of
the defined areas (1-7, Fig. 2A). We subsequently performed
ancestral state reconstructions of the binary traits: habit
(annual=o0; perennial=1), and photosynthetic pathway
(GG=0; C,=1) of the taxa sampled in the phylogeny. We
used the stochastic character mapping approach (SCM,
Huelsenbeck et al., 2003) across the MCCT and 1000 trees
randomly selected from the posterior distribution of the
Bayesian MCMC searches, pruned to the core Gomphrena
s.str. topology. The analyses were conducted using maximum
likelihood with “corHMM” and “makeSimmap’”’ implemented
with the R package corHMM (Beaulieu et al., 2017). We tested
three alternative transition models for each binary trait:
equal rates, all permitted transitions to occur at the same
rate; SYM (symmetric), backward and forward transitions
occur at the same rate; and ARD (all-rates-different), allowing
transitions to occur at different rates. In all cases, we used
the Yang rooting method to fix the root state probabilities.
This approach uses the estimated transition rates to set
weights at the root (Yang et al., 2006; Beaulieu et al., 2017).
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Fig. 2. A, Areas that encompass the distribution of the genus Gomphrena s.str. in America, which were considered to perform
the ancestral range estimation. B, Maximum clade credibility tree pruned to the American core of Gomphrena s.str. Numbers
above branches indicate posterior probabilities, and below branches indicate node ages. Only nodes with posterior
probability > 0.7 are shown. Periods considered for the time stratification of the ancestral range estimates are indicated above
the figure and with vertical dotted lines. Pie charts show posterior probabilities obtained for each possible ancestral range in
each node. The geographic areas defined (A) are indicated in colored boxes (1—7). Color scale and numbers indicate the areas
defined for the ancestral range estimation including the combination of areas (additional colors). Colored boxes near the tips
show the current distribution ranges of the species.

Table 2 Biogeographical models were tested, along with estimated parameters, log-likelihoods, and AlCc values

Model LnL # parameters D? EP e we AlCc
DEC_TS —286.306 2 0.082 0.125 0 1 576.987
DEC+J TS —246.187 3 0.910 0.5875 0 1 499.149
DEC TS W —248.627 3 0.148 0.148 0 0.334 504.028
DEC+J_ TS W —237.075 4 0.606 0.486 0.445 0.395 483.483
DIVALIKE_TS —265.709 2 0.266 0.367 0 1 535.792
DIVALIKE+J_TS —248.483 3 0.985 0.624 1.393 1 503.740
DIVALIKE_TS_W —249.889 3 0.211 0.179 0 0.075 506.553
DIVALIKE+J TS W —242.347 4 0.306 0.294 0.7294 0.249 494.027
BAYAREALIKE_TS —252.958 2 0.301 0.482 0 1 510.292
BAYAREALIKE +J_TS —248.670 3 0.312 0.303 0.537 1 504.114
BAYAREALIKE_TS_W —231.909 3 0.489 0.501 0 0.353 470.592
BAYAREALIKE+J_TS_ W —234.038 4 0.314 0.371 0.3951 0.2743 477.409

Models were classified according to the number of free parameters. In bold italics are the best model and the estimated
parameters under that model. AlCc, corrected Akaike information criterion; ®Rate of range expansion; PRate of range
contraction; “Relative per-event weight of jump dispersal; dExponent on manual dispersal multipliers (modifies d and j).

J. Syst. Evol. 62(4): 758-774, 2024 www.jse.ac.cn
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After obtaining a set of three models (for each trait), we
used the AlCc weight of each model to calculate the model-
averaged marginal probabilities at the nodes (i.e., integrating
the three models according to their AlCc weights, see
Table S3). We performed 1000 SCM simulations for the MCCT
and 10 SCM simulations for each of the 1000 sampled trees to
account for phylogenetic uncertainty. We used the descri-
be.simmap function of the R package phytools (Revell, 2012),
which averages the state frequencies across all simulations,
to calculate the posterior probability (PP) of each trait state
on the selected nodes.

2.4 Diversification analyses

2.4.1 Nontrait dependent

We used MEDUSA (Modeling evolutionary diversification
using stepwise akaike information criterion; Alfaro et al., 2009;
Pennell et al., 2014) to identify shifts in diversification rates
along branches of the genus Gomphrena s.str. This analysis
was conducted using 1000 trees randomly selected from the
posterior distribution of the Bayesian MCMC tree searches in
BEAST, pruned to the core Gomphrena s.str. topology. The
mixed models of either birth—death or Yule and the AlCc
criteria were used in the analyses. After initially fitting a
constant rate birth-death model of diversification to the
phylogenetic tree, MEDUSA uses a step-wise addition
algorithm to infer phylogenetic local shifts in the rates of
two diversification parameters: net diversification (r=2A-u)
and relative extinction (¢ =p/A), where A is the speciation
rate (birth) and u is the rate of extinction (death). Rate shifts
are retained if including the shift substantially improves the
AlCc score (Burnham & Anderson, 2002). MEDUSA requires
that all missing species are assigned to a tip clade in the full
tree. For this reason, we used comprehensive systematic
resources (Foster, 1958; de Siqueira, 1992; Palmer, 1998;
Acosta & Bena, 2020) to map the missing species richness.
We were able to account for a large proportion of known
species of Gomphrena s.str. Among Brazilian species, we
included species of the Gomphrena section according to de
Siqueira (1992). Other sections are probably grouped among
the paraphyletic Gomphrena, which is not part of this study.
Inferences of rate heterogeneity in the diversification
process are drawn from the compilation of MEDUSA analyses
across our full bootstrapped distribution of time-calibrated
trees (n=1000). We performed a “lineages through time”
plot across 1000 randomly sampled trees used in the
MEDUSA analyses. We plotted both lineages' raw and log
scales with 95% confidence interval (Cl). For this, we used the
phytools package as implemented in R.

2.4.2 Trait dependent

Rate heterogeneity across clades can reflect the existence of
trait-dependent diversification. We tested whether the habit
and photosynthetic pathway are associated with changes in
diversification rates in Gomphrena s.str. For this purpose, we
used the binary speciation and extinction (BiSSE) models
(Maddison et al., 2007) implemented with the R package
diversitree (FitzJohn, 2012). We evaluated eight BiSSE models
using maximum likelihood searches for each trait: (i) null
model: speciation (), extinction (u), and transition (q) rates
were constrained to be equal; (ii) full model: all parameters
are free to vary; (i) lambda.free model: A was allowed to
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vary between character states while p and q remained equal
between states; (iv) mu.free model: p was allowed to vary,
while A and g remained equal; (v) q.free model: q was
allowed to vary, while A and p remained equal; (vi)
lambda.mu.free model: A and p were allowed to vary, while
q rates were constrained to be equal; (vii) lambda.q.free
model: A and q were allowed to vary, while p rates were
constrained to be equal; and (viii) mu.q.free model: p and g
were allowed to vary, while A rates were constrained to be
equal. The best-fit model was selected considering the
lowest AlCc value. We conducted a Bayesian BiSSE analysis
with the best-fit model for each trait, and we obtained the
posterior distributions of the parameters with the purpose of
examining the Cl of the estimations. This was run for 10 000
generations using an exponential prior (FitzJohn et al., 2009),
and the first 10% were discarded as burn-in. PP distribution
plots for A, y, g, and net diversification (r) rates were
computed. Because our sampling was incomplete, all the
BiSSE calculations were corrected using an implemented
sampling fraction argument (sampling.f), for which a
sampling fraction for each state was incorporated (i.e., the
number of C; and C, species included over the total number
of extant C; and C, species in Gomphrena s.str.).

2.5 Climatic niche comparison

Climatic variables to characterize and compare the funda-
mental niches of the main clades of Gomphrena s.str. were
the 19 climatic variables with a 30arcsec (~1km) derived
from high-resolution climatologies for the earth's land
surface areas (CHELSA) for 1979-2013 (https://chelsa-
climate.org/bioclim/; Karger et al., 2017). We downloaded a
total of 971 georeferenced occurrence data for Gomphrena
s.str. species corresponding to 28 species of the main clades
detected in phylogenetic analyses (see Table S1b, Section 3)
from the Global Biodiversity Information Facility (https://
www.gbif.org/; GBIF, 20213, 2021b). We eliminated duplicates
and records with incomplete geographical information using
QGis v.2.18.12 (QGIS, 2009). We retained 736 presence
records after this purging procedure (see details in Table S1b;
Fig. 1A).

We examined whether there have been niche changes
between the Gomphrena s.str. clades that inhabit the two
different SADDs. We used two complemented tests to do
this: Niche Overlap Test (NOT) and niche divergence test
(NDT; Brown & Carnaval, 2019). Both allowed identifying
climatic niche variations caused by both niche divergence or
less evident factors such as climatic or geographic space
limitations. NOT compares the realized niche of two different
species or clades within their geographic distribution by
considering the entire accessible environmental space
(E-space). The NDT evaluates the same thing, but in the
only portion of the environmental space that is shared by
two species or clades when they are given a common
environmental backdrop (i.e., analogous environmental
spaces), enabling us to assess whether their occupied niches
are equal or not under the same climatic background
(Vaissi, 2022). If the NOT shows significant differences, this
supports the argument that the two species occupy different
niches (i.e., if the niches are equivalent or not equivalent),
whereas if NDT shows significant results, it implies that the
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fundamental niches of two species that share a common
environmental space are divergent.

To do this, both tests calculated: (i) Niche Similarity Index
(Schoener's D-metric), which quantifies the similarity
between climatic niches of two species or clades in either
G-space or E-space. Schoener's D-metric varies from o to 1,
with o indicating niche divergence and 1 indicating niche
equivalence (Brown & Carnaval, 2019). Niche Equivalency
Tests were performed to determine whether this index is
statistically significant—a one-tailed statistical test that
evaluates the null hypothesis that the niches are equal. It
compares the similarity of the niche observed between the
species (Schoener's D-metric) with the frequency distribution
constructed by resampling the points of occurrence of the
groups to be compared randomly. (ii) Also, NOT and NDT
calculate Background Tests that compare the observed
Schoener's D-metric between clades with random changes
in the spatial distribution of the second clade in geographic
space. This evaluates how the change in the geographic
space, and changes in the environmental space occupied
impact the niche differences. In other words, it creates a null
distribution of the E-space available in the species' habitat
and compares it with the niche similarity between clades.
With this, the test evaluates whether the compared niches
are more different than would be expected given the
underlying environmental differences between them. This
test measures the ability of the Niche Equivalency Test to
detect differences based on the available environmental
space.

We performed all ecological niche comparisons among the
main recovered Gomphrena s.str. clades (see Section 3) using
the R package Humboldt (Brown & Carnaval, 2019). We
used the reduc.vars function for each comparison, which
selects the most important climatic variables for com-
paring each group. After this, a principal component
analysis was performed to assess equivalency and
similarity between the realized niches of Gomphrena
s.str. clades in total (NOT) and shared (NDT) E-space using
the humboldt.doitall function.

3 Results

3.1 Phylogenetic relationships and divergence times

The age of the subfamily Gomphrenoideae was inferred to be
30.56 Ma (28.93-33.86, 95% HPD, Fig. S1). The group that
comprises the genus Guilleminea and the species Gomphrena
prostrata shows as a sister clade of Gomphrena s.str. (Fig. 2B)
that split 17.07 Ma (14.59-19.46, 95% HPD, Fig. 2B). Within
Gomphrena s.str. the basal clade was composed of two taxa
from the eSADD (Gomphrena rupestris and Gomphrena mollis,
named “C; clade”), which diverged 15.4 Ma (13.02-17.9, 95%
HPD, Fig. 2B). Among the remaining species of Gomphrena
s.str., the phylogenetic analyses revealed two main lineages
that diverged 12. 47 Ma (10.45-14.5 Ma 95% HPD, Fig. 2B). The
first of these lineages split into two main clades around
11.36 Ma (9.17-13.61 Ma 95% HPD, Fig. 2B), which mostly
inhabit the Andean region. One of these is composed of high-
altitude species (“western highlands” clade, WH), and the
other of lowland species (“western lowlands” clade, WL).
The WH diversified 9.73 Ma (7.43-12.15 Ma 95% HPD, Fig. 2B)
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and contains the Andean species of Gomphrena s.str. that
reach the highest altitudes within the genus (above
2600 masl), among which several are annual (Fig. 2B). An
exception within the WH clade is the Caribbean species
Gossypianthus lanuginosus, which was placed at the base of
the clade. The WL is composed of two species (G. martiana
and G. boliviana) whose distribution throughout the Andean
region does not exceed altitudes of 2600 masl.

The second main lineage of Gomphrena s.str. diverged
around 9.12 Ma (7.25-11.01 Ma 95% HPD, Fig. 2B) and split into
a clade composed of many species that inhabit the eSADD,
an “eastern distributed” clade (ED clade), and a “broad
western” clade (BW) that reaches both the western and the
eastern dry diagonals (Fig. 2B). The ED clade is composed of
species across the ecoregions of Caatinga, Cerrado, and
Atlantic Forest, as well as Chaco and Mesopotamian savanna
(Gomphrena agrestis, Gomphrena arborescens, Gomphrena
cardenasii, Gomphrena macrocephala, Gomphrena lanigera,
Gomphrena graminea, Gomphrena pulchella). The BW clade
consists of species from the Andean Puna, Prepuna, Yungas,
high Monte, and Bolivian montane dry forests (Gomphrena
bicolor, Gomphrena fuscipellita, Gomphrena mizqueensis,
Gomphrena oligocephala, Gomphrena pallida, Gomphrena
phaeotricha, Gomphrena potosiana, Gomphrena trollii), as
well as others that occupy the Chaco region (Gomphrena
haenkeana, Gomphrena perennis) and species with a very
wide distribution from the Chaco to the Parand flooded
Savanna (Gomphrena celosioides). This clade also includes
two taxa from the southern portion of North America
(Gomphrena haageana, Gomphrena nitida).

3.2 Ancestral range estimations

Regarding the Biogeobears analyses, the AICc model
selection supported the BAYAREALIKE +W model as the
best fit (Table 2). Ancestral range estimations under this
best-fitting model showed that the most probable ancestral
range for Gomphrena s.str. is along the eSADD (15.4 Ma,
areas “67,” PP = 0.534, Fig. 2B). Moreover, the four principal
clades described above (WL, WH, BW, and ED) would also
have their shared ancestors distributed along the eSADD
(area “67,” PP =0.604, Fig. 2B). Among these clades, the
Chaco region was retrieved as part of the ancestral range by
the BW clade since 4.85Ma (i.e., dry and humid Chaco,
Cerrado, and Caatinga; areas “4567”; PP =0.265; Fig. 2B),
with the exception of G. celosioides, whose most probable
range still was the combination of Cerrado and Caatinga
(area “67,” PP=0.606; Fig. 2B). Around 4.43 Ma, the
common ancestor of the subclade (within the WH clade)
composed of Gomphrena tomentosa, Gomphrena cladotri-
choides, Gomphrena mendocina, Gomphrena umbellata,
Gomphrena radiata also retrieved the Chaco as part of the
most probable ancestral range (areas: “4567”, PP =0.273;
Fig. 2B). Among the ED clade the Chaco region was colonized
more recently, around 3.37 Ma, by G. cardenasii within a
subclade comprised together with G. agrestis (areas: “4567”,
PP = 0.281; Fig. 2B).

After the colonization of the Chaco, the final coloniza-
tion of the Andean region took place only very recently,
from around 1 Ma to the present. Inside the WH clade, the
subclade G. umbellata+ G. radiata still showed their
ancestor's most probable range along the combination
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of Chaco and eastern regions (areas: “4567”, PP =0.237;
Fig. 2B), while its sister subclade composed by G.
cladotrichoides + G. mendocina would have colonized the
Andean region by 0.96 Ma (Andean region up to
2600 masl; area: “3”, PP =0.239; Fig. 2). Regarding the
BW clade, one subclade nested within it (G. perennis + G.
haenkeana + G. trolli) would have colonized the lower
Andean region around 0.44 Ma but with a high uncertainty
in the results (areas: “345”, PP = 0.22; Fig. 2B). The other
subclade nested among the BW (G. fuscipellita, G.
oligocephala, G. pallida, G. mizqueensis) also showed high
uncertainty in its ancestral range around 1.73 Ma which
would have been along the Dry Chaco (area “g,”
PP =0.109; Fig. 2B). But the colonization of the Andean
region by the subclade conformed by G. oligocephala, G.
pallida, G. mizqueensis would have happened around
0.8 Ma (most probable range: Andean region up to
2600 masl; area “3” PP=0.47; Fig. 2B). The WL clade
would have colonized the Andean region even more
recently, around 0.4 Ma (most probable range Dry Chaco

3.3 Evolution of traits

Considering the areas defined, we found a higher percentage
of annual species in the westernmost areas (i.e., areas 2, 3,
and 4, Figs. 2, 3), while the eastern area was almost
exclusively occupied by perennials (areas 6 and 7) (Figs. 2, 3).
Ancestral state reconstruction for the habit showed an equal
probability of being annual or perennial for the core
Gomphrena s.str. over the 1000 trees, while the node of
the basal C; clade (G. mollis + G. rupestris) showed higher
probabilities of being perennial (Fig. 4A; Table S3a). The
ancestral state of the clades BW, ED, and WH also showed
slightly higher probabilities of being perennial (Fig. 4A;
Table S3a), but the ancestor of the WL clade had a higher
probability of being annual (Fig. 4A; Table S3a). Some very
recent nodes within BW and WH were inferred to have more
probabilities of being annual. Withal, the probabilities of
being annual increased from around 5Ma to the present
among most of the westernmost clades (Fig. 4). The
ancestral state reconstruction of the photosynthetic
pathway displayed very low or null uncertainty, with the

and Andean region up to 2600masl, areas ’34”  ancestral state of the core Gomphrena s.str. showing the C,
PP = 0.424; Fig. 2B). pathway, with a reversion to C; in the basal clade. All
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Fig. 3. Quantification of annual and perennial species along the area of interest. A, South American coordinates occupied by
annual and perennial species (DNA under-sampled species are also included). B, Percentage of annual and perennial species
along each area defined. 1, North America; 2, Andean region above 2600 masl; 3, Andean region up to 2600 masl; 4, Dry Chaco;
5, Humid Chaco; 6, Brazilian Cerrado and adjacent regions; 7, Caatinga and adjacent (buffer) areas.
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remnants of Gomphrena s.str. clades appeared to have C,  where the annuals showed a higher speciation rate than
ancestral states (Table S3a-c; Fig. S2). perennials (annuals A, = 0.608, perennials A, = 0.183) and the
transition rate was higher from perennials to annuals than
vice versa (qo; = 0.249, g,, =0) (best-fit model: “lambda.q.-
free”) (Figs. 4B—4D; Table S5). We did not find evidence of
changes in diversification associated with the photosynthetic
pathway (Fig. S4). The log-lineages through time plot shows
an acceleration in the number of lineages from approx-
imately 5 Ma to the present (Fig. 4E).

3.4 Diversification analyses

3.4.1 Nontrait dependent

The MEDUSA diversification analyses provided evidence of
heterogeneity in evolutionary rates across the phylogeny. We
found one period among the South American Gomphrena
s.str. where the diversification tempo changes ~12.47 Ma
(blue circle near node, Fig. 4; Table S4). We also found rate
increases in a second clade, but they correspond to the
radiation of Gomphrena beyond America (Gomphrena
brachystylis; Gomphrena canescens; Gomphrena flaccida;
Gomphrena muscoides; Gomphrena vermicularis, Fig. S1;
Table S4).

3.5 Climatic niche comparison

The comparisons showed that the occupied climatic niches of
C; (basal clade) and C, Gomphrena s.str. clades (BW, ED, WH,
and WL) are quite different even in the portion of the E-space
that is shared by both clades (i.e., niche divergence; Table 3;
Fig. 5A). There were two clear trends in the climatic niche

3.4.2 Trait dependent
Results from the Bisse analyses provided evidence of a trait-
dependent diversification associated with the plant habit,

J. Syst. Evol. 62(4): 758-774, 2024

evolution within the C, species and clades after this initial
divergence of the climatic niche within Gomphrena s.str. On
the one hand, the colonization of new areas by the species of
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Fig. 5. Overlap density plots showing climatic niche comparison among Gomphrena s.str. clades: C; clade (), C, clade (C,),
western highlands clade (WH), western lowlands clade (WL), broad western clade (BW), and eastern distributed clade (ED).
Each plot shows one comparison: A, C; versus C,. B, BW versus ED. C, BW versus WH. D, BW versus WL. E, ED versus WH. F, ED
versus WL. G, WH versus WL. Each plot shows the E-space density occupied for each clade (in red clade 1 and blue clade 2 for
each comparison) summarized in two principal components (PC). Lines representing the kernel density isopleths from 1% to
100% kernel densities, where full isopleths is the E-space occupied for the clades and the empty is the background E-space.
Next to each PC, histogram density plots display the E-space occupied by each clade. See additional results in Table 3 of the
main manuscript. Equivalent: clades occupy similar climatic niches; Not equivalent: clades occupy different niches without
evidence of divergence among them; *Clades occupy different niches as a result of divergent evolution.
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the BW clade apparently implied no climatic niche changes,
neither for its sister lineage ED clade nor the WH and WL
clades (i.e., equivalent niches, Table 3; Figs. 5B-5D). On the
other, considerable differentiation in the complete E-space
was observed between the ED clade versus WH and WL
clades, indicating niche changes (i.e., not equivalent niches;
Table 3; Figs. 5E, 5F). However, in the shared environments,
there is no evidence that the species’ niches may have
diverged (Table 3; Figs. 5E, 5F). Finally, divergences in the
climatic niche occupied were observed between WH and WL
clades (i.e., niche divergence, Table 3; Fig. 5G).

4 Discussion

We provided a phylogenetic comparative analysis of the
diversification and colonization history of Gomphrena s.str.
across South American dry and arid environments. The
results showed that the genus Gomphrena s.str. first
diversified along the easternmost region of the eSADD
(Brazilian Caatinga and Cerrado regions) and subsequently
colonized the wSADD (Monte Desert, Puna, and Prepuna
regions) around 5 Ma probably via the Gran Chaco, during
the last Andean pulses and after the last marine trans-
gressions (~7 Ma; Ortiz-Jaureguizar & Cladera, 2006;
Hoorn et al., 2022). Following ancestral state reconstruc-
tions, diversification rate estimations, and climatic niche
comparisons, we found that the colonization of this new
arid environment implied an increase in the rate of
diversification of annual over perennial species and
progressive east—west differentiation of the occupied
climatic niche. This progressive differentiation was prob-
ably facilitated by the group's C, condition, which acted as
a niche opener for the conquest of new western arid
environments (Bena et al., 2017). The draining of the
Paranaean Sea meant the removal of a barrier that allowed
the settlement of the western arid region but also brought
climatic niche changes among the clades. The spatiotem-
poral diversification pattern found in Gomphrena s.str.,
therefore, suggests a common, but temporarily decoupled
role of landscape change and niche differentiation in
fostering biota diversification. Taken together, these
results indicate that the Gran Chaco region may have
acted as an arid biogeographical connection to conquer
new arid environments and as a link between South
American dry and arid regions (Luebert, 2021).

In general, the relationships among the main clades of the
subfamily Gomphrenoideae and the diversification dates
obtained in this work were concordant with previous studies
(Bena et al, 2017, 2020; Ortufio & Borsch, 2020). In
Gomphrena s.str., species with a mainly western distribution
were grouped in different clades (referred to here as WL,
WH, and BW) than easternmost species (clade ED),
reinforcing the results of Bena et al. (2020), which had
previously identified them as “high” and “low-Andean”
clades, respectively. Gomphrena s.str. originated around
15.4 Ma across the eastern South American drylands
(Brazilian Caatinga and Cerrado). During the Middle Miocene
(ca. 177 Ma), South American landscapes were modified by
climatic and geological events that drastically influenced the
evolution of the flora (Ortiz-Jaureguizar & Cladera, 2006).

www.jse.ac.cn

The global climate cooling, the reestablishment of a major ice
sheet in Antarctica, the re-widening of the Drake Passage,
the establishment of the Humboldt current, and obviously
the Andean uplift, resulted in the hyperaridization of vast
areas across the continent (Gregory-Wodzicki, 2000; Zachos
et al., 2001; Lagabrielle et al., 2009). The Andean Mountain
range successively uplifted between 14 and 10 Ma (Quechua
phase 1) forming a major barrier to moisture-laden South
Pacific winds (Ortiz Jaureguizar & Cladera, 2006). In eastern
South America, all these events would have caused major
climate changes, intensifying the dry conditions and
increasing temperature differences between winter and
summer (Hernandez et al., 2005; Le Roux, 2012). Under this
scenario of increasing aridity and seasonality, the genus
Gomphrena diversified and gained a new photosynthetic
strategy, the C, pathway. As was suggested by Bena et al.
(2017), the model for the evolution of C, photosynthesis in
the subfamily Gomphrenoideae seems to have evolved in
humid habitats but facilitated an expansion into arid ones.
Thus, species with a pre-existing C, condition found a
favorable environment for their expansion and evolution in
the new habitats.

Around 7.5 Ma, during the Late Miocene-Early Pliocene,
the broad flooded surface of the “Paranaean Sea” was
followed by vast plains, starting the “Age of the Southern
Plains” (Ortiz-Jaureguizar & Cladera, 2006). This event
eliminated a barrier to the dispersion, which allowed the
colonization of western areas of the continent. Our biogeo-
graphical reconstruction suggests that the wSADD was
apparently colonized through the Gran Chaco by two
independent colonizations of Gomphrena s.str. (~4.85 and
4.43 Ma, BW, and WH clades, respectively). Ortufio & Borsch
(2020) also showed two independent colonizations of the
western SADD by the genus Gomphrena s.str. Here, we
reinforced this phylogenetic pattern within a biogeographical
context and provided the first estimation of Gomphrena s.str.
ancestral range. Once the Parenaean Sea retired, the
ancestral distributions of the genus would have extended
from the Cerrado and Caatinga biomes to the Chaco and
subsequently diversified into the Andean region after the
mountain range achieved its current height. The connection
between the Chaco, Caatinga, and Cerrado biomes has been
treated in previous studies as a “savanna corridor” (Schmidt
& Inger, 1951), “diagonal of open formations” (Vanzo-
lini, 1963), or “dry diagonal” (Prado & Gibbs, 1993). However,
the connection between these regions and the western
SADD biomes has been scarcely documented. Also, a link
between the Andean and Atlantic forests through the
current Cerrado—Chaco transition has been reported,
supporting that the connection was recurrent (Trujillo-Arias
et al., 2018). Still, the connectivity between dry open biomes
from eastern and western South America has been hardly
documented. An alternative scenario would be that
Gomphrena reached the WL (Area 3) through the seasonally
dry tropical forests in the inter-Andean dry valleys—not
through the Chaco plain—however, we did not find support
for this hypothesis. The lack of studies centered on these
connections emphasizes the importance of the present (and
further) analyses that focus on biological groups with a
distribution between open habitats of both western and
eastern SADDs.
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The ability of plants to conquer new arid environments is
usually acquired through morphological and physiological
differentiation. In this sense, most of the Gomphrena s.str.
species show the C, photosynthetic pathway (Sage, 2016)
and only ~5% (5 C5/92 C,) are (5. According to our
diversification analyses, there was a shift in Gomphrena
s.str. diversification rate around 12 Ma, which coincides with
the C5-C, transition in the genus. However, C, photosyn-
thesis evolved earlier within the Gomphrenoideae subfamily
(~20Ma, genus Froelichia) and the pattern seen in
Gompbhrena s.str seems to be a reversal to the ancestral (5
condition (Ortufio & Borsch, 2020). Additionally, the trait-
dependent diversification analyses did not show changes
associated with the photosynthetic pathway either. At the
global scale, the expansion of C, plants occurred 8—4 Ma at
the Miocene—Pliocene boundary (Osborne & Beerling, 2006;
Behrensmeyer et al, 2007), probably associated with
the declining CO, levels, during the late Neogene and
the increase in summer-dominated rainfall regimes
(Latorre, 1997). In South America, these conditions coincided
with the withdrawal of the Paranaean Sea (~7.5 Ma) and the
last pulses of the Andean uplift (~5 Ma), implying that the
expansion of C, lineages in Gomphrena s.str. was promoted
not only by the local conditions but by a combination of
climatic and geological events that occurred at both global
and regional scales. We observed an increase in the number
of Gomphrena s.str. lineages in synchrony with the most
recent Andean pulses (~5Ma) and the aridization of the
continent. While the central Andes probably did not become
extremely dry until very late in the Quaternary, pockets of
arid habitats developed relatively early in inter-Andean
valleys (Simpson, 1983). These valleys formed a scattered
network from the northernmost regions of Colombia to
central Chile and Argentina and were undoubtedly important
in providing migration routes for taxa preadapted to arid
conditions that eventually colonized the dry altiplano (e.g.,
Griotti et al., 2023). Consequently, the C, condition in
Gomphrena s.str. may have improved chances of survival in
the new environments by acting as a “niche opener,” and
the results observed here reflect a delayed speciation
process throughout the new habitat (Bena et al., 2017).
Nontrait-dependent analyses did not detect rate shifts
between western and eastern-distributed clades. This could
be because, while there was an expansion toward western
arid environments, species restricted to the eastern drylands
continued their diversification in situ. However, this
hypothesis remains to be tested by including the missing
Brazilian taxa in the phylogeny.

Even though the ED lineage is not fully sampled, most
Gomphrena species from Brazil are known to be perennial
herbs or subshrubs (de Siqueira, 1992; Senna et al., 2015). The
thickened subterranean systems have bud shoot-forming
potential, providing the sprout of new shoots after an
adverse period, like a severe drought or fire. Also, it is known
that nearly 50% of the herbaceous and subshrub species from
the Cerrado have these systems (Vilhalva & Appezzato-da-
Gldria, 2006), which may have been a strategy for the
frequent periods of fire in that region. Interestingly, when
evaluating trait-dependent rate shifts, we found an increase
in the diversification rate associated with the annual habit.
Also, the ancestral state reconstruction indicated that the
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ancestral probability of being annual only equaled the
probability of being perennial around 5 Ma and subsequently
surpassed it among the most recent subclades within the BW
and WH clades. The annual habit evolved independently
several times within the genus, but only among clades that
colonized the wSADD, suggesting a morphological diver-
gence between SADDs. The annual life form seems to be
mostly associated with plants occurring in dry or seasonally
dry environments along the Andean influence zone,
indicating the adaptive nature of the plants, which only
appear in the wet season. Multiple origins of annuals have
also been observed in other lineages of angiosperms
radiating into areas with geographical patterns of dry
environments such as Nemesia Vent. (Scrophulariaceae;
Datson et al., 2008). Additionally, half of the C, species
that reach arid regions are annuals that may complete their
life cycles under brief periods of rain, and several of the
climatic wide-ranging perennials have been collected in
microsites such as creeks and riverbanks in the drier part
of their ranges (Aagesen et al., 2016).

The distributions of most species are either shrinking or
expanding in response to environmental conditions. How-
ever, most studies that compare the climatic niches assume
that the species have reached a balance, but niche similarity
measurement may be biased toward more common (more
represented) habitat types. The niche comparison method
used here allowed us to evaluate how much species differ in
their climatic niches, without assuming that they are in
balance (Brown & Carnaval, 2019). In this way, we were able
to more accurately evaluate whether the clades of interest
have evolved different niches or whether they occupy
separate climatic niches because of differences in life history,
biological interactions, or the environments available. The
climatic niche comparisons performed demonstrated that
the occupied niches of (5 and C, Gomphrena s.str. clades are
different even in the portion of their shared E-space (i.e.,
niche divergence sensu Brown & Carnaval, 2019). Whereas
the C; clade is composed of just two species restricted to the
Cerrado biome, the C, clade is constituted by the vast
majority of species that are distributed along a variety of
environments (including the Cerrado). In this sense, an
infraspecific investigation among Alloteropsis semialata
found that, while non-C, individuals remained confined to a
limited geographic area and restricted ecological conditions,
C, individuals dispersed across an expanded range of
environments encompassing the ancestral one (Lundgren
et al,, 2015). Additionally, among C, Gomphrena s.str. species
and clades, there were two clear trends of niche differ-
entiation: the colonization of wSADD via niche conservation
in the BW clade, and via niche differentiation including
adaptive divergence in the ED, WH, and WL clades, revealing
an interplay between niche conservatism and divergence in
the climatic niche evolution of the genus when shaping their
distribution across the different arid environments of the
continent (e.g., Aagesen et al., 2016, Salariato et al., 2022).
Interestingly, WH and WL consist of species grouped along
the Andean influence zone, so these results indicate a
somewhat recent niche change throughout the newly
colonized area, a product of the Andean uplift that
generated new environments for colonization (L6rch
et al.,, 2021). The high-altitude areas occupied by the species
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of the WH clade constitute a new niche generated as a
consequence of the Andean uplift (Pérez-Escobar et al., 2022).
This expansion out of the Chacoan domain, highlights the
importance of neotropical lineages in the high Andean flora,
as most contributions on this topic concern Laurasian
lineages that have reached the high Andes after the latest
uplift.

Withal, our study shows that the historical diversification
pattern of Gomphrena s.str. in South America consisted of an
expansion toward western arid environments once geo-
graphical barriers disappeared, and a posterior niche change
among the new habitats. However, these expansions and
niche changes were decoupled in space and time. The C,
condition was a key trait to start the east-west colonization,
and the multiple shifts to the annual habit were essential to
autochthonous speciation within the new western environ-
ments. This work provides the first evidence that the Gran
Chaco operates as a biogeographical connection, linking the
east and west open arid environments of South America.
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Fig. S1. Extended phylogeny of the Gomphrenoideae subfamily
and allies showing divergence times and 95% highest posterior
densities intervals (blue bars). Numbers above branches
indicate posterior probabilities, and below branches indicate
node ages. Only nodes with posterior probability > 0.7 are
shown. The shaded area indicates the Gomphrena s.str. Clade.
Secondary calibration points are marked with an arrow.

Fig. S2. Character mapping of the photosynthetic pathway over
the maximum clade credibility tree, obtained from Simmap.
Fig. S3. Probabilities at nodes of being annual or perennial
retrieved from the Simmap analyses over 1000 randomly
selected trees. (3 clade; BW, broad western clade; ED,
eastern distributed clade; WH, western highlands clade; WL,
western lowlands clade.

Fig. S4. Posterior probability distribution of speciation, extinction,
and transition rates for the photosynthetic pathway. Posterior
distributions were computed using Markov chain Monte Carlo
analysis for the best-fitting Bisse model. Bars below each
distribution correspond to the shaded area and represent the
95% confidence interval of each estimated parameter.

Table S1. (a) GenBank accession numbers for Amaranthaceae
s.l. from the extended data set and the Australian species of
Gompbhrena (indicated with an asterisk). Subfamily and tribe
classification follows Townsend (1993); (b) GenBank acces-
sion numbers, morphological, physiological traits, and
distribution information of the American Gomphrena s.str.
and its sister lineage (Guilleminea clade).

Table S2. Ecorregions (Olson et al., 2001), aridity (according
to United Nations Environment Programme aridity index,

J. Syst. Evol. 62(4): 758-774, 2024

UNEP), and elevation values, considered to perform the
bioregionalization of the species occurrences and the
consequent estimation of the ancestral ranges.

Table S3. Probabilities at nodes from ancestral-states
reconstructions over the 1,000 trees sampled, (a) model-
averaged probabilities at the main nodes, obtained by
integrating the three models according to their corrected
Akaike information criterion weights. Posterior probability >
0.5 for each node are highlighted in bold; (b) distribution of
probabilities for the trait “habit”; and (c) distribution of
probabilities for the trait “photosynthesis”, among the
sampled trees, segregated by each model. Node names are
BW, broad western; ED, eastern-distributed; WH, western
highlands; WL, western lowlands. See Fig. S2 for further
numerical node codes.

Table S4. Clades in which a shift in the net diversification rate
(r) was modeled in at least 30% of the trees (of 1000 total) in
MEDUSA analyses. Values of r are interpreted as net
speciation events per million years.

Table S5. Model fit comparisons of the Bisse analyses for the
trait “habit.” For each model, we denote the degrees of
freedom (DF), the log-likelihood (logLik), the Akaike
information criterion corrected for sample size (corrected
Akaike information criterion [AlCc]), the AAIC, the Akaike
weights (AlICw), and the model parameters values: speciation
(3), extinction (p), and transitions (q) rates (in Ma™") for
states o (annual) and 1 (perennial). The best-fit model is
highlighted in bold, identified by the lowest AlCc and
AAIC=o0.
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