Organisms Diversity & Evolution (2021) 21:161-188 Dl_vmgmAs'(mMS

https://doi.org/10.1007/513127-021-00486-z EvoLuTion

ORIGINAL ARTICLE ;.)

Check for
updates

Ecological and spatial patterns associated with diversification
of South American Physaria (Brassicaceae) through the general
concept of species

Diego L. Salariato ' - Fernando O. Zuloaga'

Received: 12 July 2020 /Accepted: 1 February 2021 / Published online: 12 February 2021
© Gesellschaft fur Biologische Systematik 2021

Abstract

Analyzing the roles of ecology and geography on speciation and lineage diversification can shed light on the processes that
generate and maintain biodiversity. Additionally, lineages rapidly diversifying across unstable habitats provide substantial
challenges for resolving evolutionary histories and delimiting species. Physaria is represented in South American by six species
distributed from southern Bolivia to northern central Argentina and growing in highlands of the southern-central Andes, but also
along the hills and lowlands of central-eastern Argentina. This biogeographical variability, not common among other South
American crucifers (Brassicaceae), prompted us to conduct different climatic niche and geographical range comparisons to study
the potential roles of ecology and geography through the diversification of the group. However, the remarkable similarity
between these species, coupled with the continuous variability of the diagnostic morphological characters, blurs the species
boundaries. Therefore, in order to identify independent evolving lineages, we first employed species delimitation methods
together with the general lineage concept of species, and used molecular sequences from nuclear ribosomal and chloroplast loci.
Secondly, and in the light of the lineages obtained, we explored the roles of geography and ecology on the diversification of
South American Physaria and tested for presence of phylogenetic niche-conservatism or niche-divergence patterns, as well as
potential ecological speciation. Lineages identified by these delimitation methods were highly congruent with described species;
nevertheless, some morphospecies were included under the same independent evolutionary lineage. Our results suggest that the
climatic niche divergence along the heterogencous landscape apparently was a major factor promoting diversification of the
South American Physaria. Divergence was registered mainly on the temperature dimension, which promoted shifts between
cold-temperate habitats associated with the highlands of the central-southern Andes and warm lowlands from central-eastern
Argentina, i.e., the Monte and Dry Chaco ecoregions. In addition, some degree of niche divergence along the precipitation
gradient was also secondarily recovered. Allopatry and dispersal capabilities also seem to be associated with the diversification of
the group, presumably through the Late Pliocene-Pleistocene, and promoted by glacial cycles and climatic oscillations during the
Quaternary. Results of these analyses are also discussed in a general context, which will contribute to the understanding of the
evolutionary and ecological patterns of South American Brassicaceae.
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Introduction

A central question of evolutionary biology is to understand the
relative roles of ecology and geography in lineage divergence
and speciation (Coyne and Orr 2004; Nosil 2012), and molec-
ular phylogenetic analyses, coupled with morphological, eco-
logical, and geographical data, can reveal patterns of differen-
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and geographical factors play a key role in shaping species
diversification and biodiversity, acting directly on processes
of speciation, dispersion, persistence, and extinction (Ricklefs
1987; Wiens 2012; Futuyma and Kirkpatrick 2017). Physical
barriers, and geographic distances in organism with low dis-
persal capabilities, can restrict or reduce gene flow among
populations, promoting speciation both via genetic drift
(non-adaptative speciation) and/or local adaptation (Jordan
1905; Mayr 1959; Barraclough and Vogler 2000; Fitzpatrick
and Turelli 2006; Kisel and Barraclough 2010; Phillimore
2014). Alternatively, ecological adaptation to local environ-
ments results in an important process promoting divergence in
nature (Rundle and Nosil 2005; Schluter 2001; Nosil 2012;
Pyron et al. 2015), and numerous studies reported its impor-
tance in plant diversification (Levin 2003; Givnish 2010;
Schemske 2010; Ramsey 2011; Kolaf et al. 2016; Niirk
et al. 2018; Liu et al. 2020). In this context, divergent natural
selection drives the reduction of gene flow between popula-
tions as a consequence of adaptation to different ecological
niches (Schluter 2009; Rundle and Nosil 2005), which may
eventually result in complete reproductive isolation (ecologi-
cal speciation—Nosil and Harmon 2009; Pyron et al. 2015).
Alternatively, adaptation to the ecological niche can also pro-
mote speciation by phylogenetic niche conservatism (PNC)
(Wiens 2004a; Wiens and Graham 2005; Pyron et al. 2015;
Kozak and Wiens 2006), defined as the tendency of closely
related species to retain characteristics of their fundamental
niche over time (Peterson et al. 1999; Peterson 2011; Wiens
etal. 2010). In this case, ecological constraints and stabilizing
selection play a role in speciation, particularly during periods
of environmental change, limiting adaptation to new climatic
conditions when ancestral distributional ranges become
fragmented (e.g., along elevational gradients during periods
of warming or orogeny), and incipient species fail to adapt to
novel environmental conditions that would facilitate the main-
tenance of gene flow (Wiens 2004a, b; Pyron et al. 2015).
Therefore, the relative contributions of geography, niche
divergence, and niche conservatism during the speciation
processes should consequently affect the diversification of
lineages, especially in plants because they may be more
affected by small-scale heterogeneity than mobile organ-
isms, increasing the relative significance of geographic
and environmental differentiation (Anacker and Strauss
2014). Refining our understanding of the phylogenetic re-
lationships and the ecological-geographical boundaries of
taxa provides an essential framework for other fields in
the study of biodiversity, especially conservation (Moritz
1994; Riddle and Hafner 1999).

However, the study of patterns and processes associated
with lineage diversification involves a critical step, the delim-
itation of the evolutionary units reflected in the species bound-
aries. Since species delimitation is inextricably linked to pat-
terns of species diversity and diversification, the criteria used
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to delimit species have profound implications to understand-
ing the dynamics of these processes (de Queiroz 1998).
Consequently, species delimitation becomes a critical issue
in evolutionary, ecological, and conservation studies (Riddle
and Hafner 1999; Agapow et al. 2004; Isaac et al. 2004;
Dayrat 2005; Sukumaran and Knowles 2017), particularly
for taxonomically complex groups (Federici et al. 2013) with
low levels of evolutionary and ecological differentiation.
Recently, divergent species can rapidly adapt to local condi-
tions, often resulting in significant ecological and morpholog-
ical divergence, but with few neutral genetic changes
(Simpson 1953; Schluter 2000; Sudhaus 2004). Conversely,
species isolated for a long time by a barrier may accumulate
genetic differences of neutral evolution, but as the environ-
ments may remain similar, few ecological or morphological
differences may occur (Coyne and Orr 2004; Phillimore
2014). Therefore, species delimitation integrating multiple
datasets is more desirable (Dayrat 2005; Carstens et al.
2013; Sukumaran and Knowles 2017). Although different
concepts can be applied to delimit species boundaries (e.g.,
biological, evolutionary, ecological, phylogenetic), a unified
species concept can be achieved through the General Lineage
Concept (de Queiroz 1998, 1999, 2007) by treating species as
separately evolving metapopulation lineages through time
(Simpson 1951; Wiley 1978; de Queiroz 1998, 2005, 2007),
and with the other secondary species criteria as complemen-
tary (but not exclusive) lines of evidence to support lineage
separation. Thus, the primary objective to analyze patterns of
diversification is to identify independent evolutionary line-
ages, also interpreted as evolutionary significant units
(ESUs—Moritz 1994).

The mustard family (Brassicaceae) is well represented in
South America by ca. 406 native species (ca. 10% of the
family) distributed mainly along the Andes. These species
inhabit a variety of different habitats along the biogeographi-
cal provinces of North Andean Paramo, Puna, Prepuna,
Altoandina, Yungas, and Subandean Patagonia (Cabrera and
Willink 1973; Morrone 2017). These regions, together with
the Atacama-Sechura Desert, the Chilean Matorral, and the
Patagonian Steppe, provide a high diversity of habitats for
the diversification of numerous plant groups (Luebert and
Weigend 2014), including several lineages of this family
(e.g., Salariato et al. 2016). The genus Physaria (Nutt.) A.
Gray (tribe Physarieae, Al-Shehbaz 2012a) includes ca. 105
species distributed primarily in western North America, and
morphologically characterized by having stellate trichomes
and silicles (Al-Shehbaz and O’Kane 2002). Of these, the
six species endemic to South America grow in Argentina
and neighboring Bolivia (Al-Shehbaz 2012b). A single spe-
cies, P. mendocina (Phil.) O’Kane & Al-Shehbaz, was previ-
ously thought to be the only species growing in South
America (Boelcke 1967; Boelcke and Romanezuk 1984);
however, with a better understanding of the morphological
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variation in the genus and substantial fieldwork, the number of
species was subsequently elevated to six (O’Kane and Al-
Shehbaz 2004; Al-Shehbaz and Prina 2009) (Fig. 1). Like
other Andean genera, some of these species, such as
P. urbaniana (Muschl.) O’Kane & Al-Shehbaz and
P. pygmaea O’Kane & Al-Shehbaz inhabit highlands of the
central Andes up to 5000 m, but others, as P. mendocina or
P. lateralis O’Kane & Al-Shehbaz, are also distributed in
lowlands of central and eastern Argentina (Fig. 2), primarily
along the biogeographical provinces of Chaco and Monte
(Cabrera and Willink 1973), where crucifer biodiversity are
notably less represented (Al-Shehbaz 2012b). Of the 164 na-
tive species in Argentina, approx. 80% are distributed along
the Altoandina, Puna, Prepuna, and Patagonia biogeographi-
cal provinces, while the remaining 20% inhabit the Chaco,
Espinal, Pampa, and Monte provinces (http://www.

floraargentina.edu.ar/). Although PNC has been the
predominant ecological pattern recovered for South
American Brassicaceae (Salariato and Zuloaga 2017;
Salariato et al. 2018, 2020), the diversity of environments
where these species grow seems to suggest the potential pres-
ence of niche divergence during their diversification.
Additionally, species of Physaria also exhibit considerable
geographic-range asymmetry, as evident in the wide distribu-
tion range of P. mendocina (Fig. 2), which grows along the
Dry Chaco, Low Monte, and Espinal ecoregions (Olson et al.
2001), and the micro-endemic distributions of P. okanensis
Al-Shehbaz & Prina and P. crassistigma, which are restricted
to the High Monte and the Southern Andean steppe
ecoregions, respectively.

The above data prompted us to analyze patterns associated
to the climatic-niche and geographical-range evolution within

Fig. 1 Representatives of South American Physaria. a—c P. crassistigma.
a Plant with flowers. b Plant with fruits. ¢ Detail of fruits. d—e P. lateralis.
d Plant with flowers and fruits. e Detail of fruits. f~g P. mendocina. f
Plant with flowers. g Plant with fruits. h—i P. pygmaea. h Plant with
flowers and fruits. i Details of fruits. j—1 P. urbaniana. j Plant with
flowers. k Plant with fruits. 1 Detail of fruits. a—¢ from Salariato et al.
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233 (SI), d—e from Zuloaga et al. 12408 (S), f from Zuloaga et al. 15741
(SI), g from Deginani et al. 2173 (SI), h-i from Zuloaga et al. 13572 (SI),
jk from Zuloaga et al. 12956 (S1), 1 from Zanotti et al. 787 (SI). Photos
by Diego L. Salariato (a—¢), Fernando O. Zuloaga (d—f, h—k), Norma B.
Deginani (g), Christian Zanotti (1)

@ Springer


http://www.floraargentina.edu.ar/
http://www.floraargentina.edu.ar/

164

Salariato D.L., Zuloaga F.O.

URB5

—PYG4

URB2
’ URB1
URB7 URB6
' é///URBS
YGL < £ PYG3
RB3 _OKA1
e
54 URB4
PYG2
MEN11 MEN2

MEN7
, MEN11
§14 “ MEN5 e MENS

~-25 -25

[ ]
MEN10 MENG6
LAT10 | AT3 MEN9
S%0®— MvEN3
RALZES MEN15 LAT2
CROGIES MEN15  op
¥ ¢ O—LAT11
F-33 | LATo
{%e M LATS
L£§T6 ®

-

-35 —

ARGENTINA

®—MEN1 °

- '40 @
% MEN13 ®

-40

0 100 200 km
[ — o

-7|0 -6|5 -6I0

@ P. crassistigma
@ P. okanensis

@ P. lateralis
O P. pygmaea

@ P. mendocina
@ P. urbaniana

Fig. 2 Distribution map of South American Physaria. Dots represent
specimens of South American Physaria species. Blue: P. crassistigma,
pink: P. lateralis, red: P. mendocina, black: P. okanensis, yellow:
P. pygmaea, green: P. urbaniana. Labels associated with dots indicate
sampled specimens used in the molecular analyses (see Appendix 1 for
complete vouchers)

this group. However, the remarkable similarities between
these species, coupled with the variability of the diagnostic
morphological characters (O’Kane and Al-Shehbaz 2004;
Al-Shehbaz 2012b) (Fig. 1), complicate the a priori delimita-
tion of species in the sense of evolutionary significant units.
Hence, the goal of this work is first to identify evolutionary
independent lineages under the generalized lineage concept of
species by using molecular sequences from nuclear ribosomal
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and chloroplast loci together with morphological, ecological,
and geographic data. Secondly, and in the light of the lineages
obtained, to explore the roles of geography and ecology on the
diversification of South American Physaria by testing for
presence of PNC or niche-divergence patterns and potential
ecological speciation. Results of these analyses are also
discussed in a general context to contribute to the understand-
ing of the evolutionary and ecological patterns of South
American Brassicaceae.

Materials and methods
Sampling and DNA sequencing

For the molecular analyses, we sampled 47 accessions
representing the six currently accepted morphospecies of
South American Physaria (O’Kane and Al-Shehbaz 2004;
Al-Shehbaz and Prina 2009; Al-Shehbaz 2012b), covering
all major geographical areas and morphological variation:
P. crassistigma (6), P. lateralis (11), P. mendocina (16),
P. okanensis (2), P. pygmaea (4), and P. urbaniana (8) (Fig.
2). To conduct species-delimitation analyses, we generated
ITS (nrtDNA), trnL-F, trnH-psbA, trnG intron, and trnS-trnG
(cpDNA) sequences for all Physaria accessions. Voucher in-
formation and GenBank accession numbers for sequences
used in this study are provided in Appendix S1. Total DNA
was isolated from leaves (collected in the field and dried in
silica gel) using a modified (CTAB) protocol by Doyle and
Doyle (1987), or from herbarium material using a DNeasy
plant mini kit (Qiagen, Hilden, Germany). The nuclear ribo-
somal ITS region (ITS1-5.8S-ITS2) was amplified by PCR in
one or two fragments using the ITS2, ITS3, ITS4, and ITSS
primers of Baldwin (1992); the chloroplast trnL-F region
(trnL intron/trnL-F spacer) was amplified in one or two frag-
ments using primers C, D, and E of Taberlet et al. (1991), and
Fdw (Salariato et al. 2013). Sequences for trnH-psbA spacer,
trnG intron, and trnS-trnG spacer were amplified in one frag-
ment using primers trnH (GUG)/psbA (Hamilton 1999), trnG-
F/trnG-R (Tewes et al. 2018), and T1/T2 (Liu et al. 2011),
respectively. The PCR reactions were performed in 25 pL
final volumes with 50-100 ng of template DNA, 0.2 uM of
each primer, 25 uM dNTP, 5 mM MgCI2, 1 X buffer, and 1.5
units of Taq polymerase provided by Invitrogen Life
Technologies (Sao Paulo, Brazil). The PCR amplifications
were set at the following conditions for most species: (ITS)
94 °C, 3 min; 35 x (94 °C, 30's; 50 °C, 60 s; 72 °C, 90 5); 72
°C, 7 min; (trnL-F) 94 °C, 3 min; 35 % (94 °C, 30 s; 48 °C, 60
s; 72 °C, 90 s); 72 °C, 7 min; (trnH-psbA) 94 °C, 3 min, 35 x
(94 °C, 30 s; 52 °C, 60 s; 72 °C, 90 s); 72 °C, 10 min; (trnG
intron) 94 °C, 3 min; 35 x (94 °C, 30 s; 50 °C, 60 s; 72 °C, 90
s); 72 °C, 7 min; (trnS-trnG spacer) 94 °C, 3 min; 35 x (94 °C,
305s;54°C, 60s; 72 °C, 90 s); 72 °C, 7 min. Cleaning of PCR
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products was done by Macrogen, Inc. (Seoul, South Korea),
using the Montage PCR purification kit from Millipore and
following the manufacturer’s protocol. Sequencing reactions
were also performed by Macrogen using the ABI PRISM
BigDye Terminator cycle-sequencing kits with AmpliTaq
DNA polymerase (Applied Biosystems, Seoul, South Korea)
following the protocols supplied by the manufacturer.
Sequences were assembled and edited using the program
Chromas Pro 1.7.7 (Technelysium Pty Ltd., Brisbane,
Australia), which was also used for checking the presence of
single peaks in the chromatograms, especially in the ITS se-
quences. In total, 221 new sequences were obtained and sub-
mitted to GenBank (Appendix S1). Alignments were generat-
ed with MUSCLE 3.8.31 (Edgar 2004) using a first round of
multiple alignments and posterior rounds of refinement under
the default settings. The alignments obtained were then
checked and improved manually where necessary using
Bioedit 7.2.5 (Hall 1999). For the trnS-trnG alignment, a hy-
per variable poly-AT region of 140 bp was removed previous
to analyses. Aligned matrices, and all other supplemental data,
are available from the Supporting Information, TreeBASE
(http://purl.org/phylo/treebase/phylows/study/TB2:S26615)
and the Figshare Digital Repository (https://doi.org/10.6084/
m9.figshare.12645218). Monophyly of South American
Physaria was previously reported by O’Kane (2012), but it
was also corroborated here, previous to the phylogenetic and
species delimitation analyses using ITS sequences for repre-
sentatives of South American Physaria species and a broad
sampling of North American species. Because monophyly
was confirmed (Fig. S1, Supplementary Material), posterior
phylogenetic analyses were rooted using the North American
species P. fendleri (A.Gray) O’Kane & Al-Shehbaz.

Species delimitation: discovery approaches

First, we explored relationships among DNA sequences with-
in the ntDNA and the cpDNA datasets using median-joining
networks (mjn) with the package pegas 0.13 (Paradis 2010) of
R 3.5.2 (R Core Team 2018), also analyzing the distribution of
haplotypes within morphospecies and ecoregions. Second, to
investigate phylogenetic relationships among specimens of
South American Physaria, individual and concatenated
datasets (ITS, cpDNA, and ITS + cpDNA) were analyzed
using maximum likelihood (ML) and Bayesian inference
(BI). Best-fit models of nucleotide evolution were identified
using the Akaike information criterion (AIC) implemented in
jModeltest2 2.1.6 (Darriba et al. 2012): K80+G (ITS),
TPM1uf+G (both #rnL-F and trnG intron), F81+G (trnH-
psbA), and F81+I (trnS-trnG). The ML analyses were con-
ducted in RAXML 8.2.10 (Stamatakis 2014) using nonpara-
metric bootstrap (BS) analysis and searches for the best-
scoring ML tree in a single run (Stamatakis et al. 2008). We
performed 1000 rapid bootstrap inferences and a thorough

l GfBS

ML search under the GTRGAMMA (ITS, trnL-F, trnH-
psbA, trnG intron) and GTRGAMMAI (#rnS-trnG) models.
Bayesian analyses were conducted using MrBayes 3.2.6
(Ronquist et al. 2012) setting the number of substitution types
to “mixed” (which results in the Markov chain sampling over
the space of all possible reversible substitution models), and
rates = gamma (ITS, #rnL-F, trnH-psbA, trnG intron) or
propinv (trnS-trnG). Two simultaneous analyses, starting
from different random trees and with four Markov Monte
Carlo chains, were run for 40 million generations, sampling
every 10,000 generations to ensure independence of the suc-
cessive samples. The convergence and effective sample size
were checked with the average standard deviation of split
frequencies (ASDSF) < 0.01, the potential scale reduction
factor (PSRF) ~ 1, and the effective sample size (ESS) for
all parameters > 200. The first 1000 trees (25% of total trees)
were discarded as burn-in, and the remaining samples of each
run were combined and used to calculate the 50% majority
rule consensus tree and the maximum clade credibility (MCC)
tree, the latter estimated using TreeAnnotator 1.8.4
(Drummond et al. 2012) (http://beast.community/
treeannotator). Trees obtained in ML and BI analyses are
available from TreeBASE (http://purl.org/phylo/treebase/
phylows/study/TB2:S26615) and the Figshare Digital
Repository (https://doi.org/10.6084/m9.figshare.12645218).
All RAXML and MrBayes analyses were conducted in the
CIPRES Science Gateway 3.3 (http://www.phylo.org/)
(Miller et al. 2010).

To address levels of discordance among nuclear ribosomal
(ITS) and plastid (trnL-F, trnH-psbA, trnG intron, trnS-trnG),
specimen trees, and their influence on the concatenated anal-
yses, congruence among partitions was assessed using a
Bayesian concordance analysis (BCA) (Ané et al. 2007;
Baum 2007) implemented in the software BUCKy 1.4.4
(Larget et al. 2010). The BUCKYy analysis was conducted
using the posterior distribution of the ITS and cpDNA gene
trees produced with MrBayes, with two runs, four chains, and
one million generations following a burn-in of 100,000 (10%),
while the discordance parameter (o), which represents the a
priori expected level of discordance, was set to 1, 10, and 100.
In addition to the concatenated and concordance analyses,
incongruences between ITS and cpDNA data were also visu-
alized in a filtered supernetwork calculated with SplitsTree
4.14.18 (Huson and Bryant 2006) using the Z-closure algo-
rithm (Huson et al. 2004), 1000 Bayesian posterior trees of
each nuclear and plastid dataset, and filtering the splits to
show only those present in a minimum of 30% input trees.

For identification of putative independent evolutionary lin-
eages, we also applied the Generalized Mixed Yule
Coalescent (GMYC) method (Pons et al. 2006; Fujisawa and
Barraclough 2013) implemented in the R package splits 1.0-
19 (Ezard et al. 2009). The GMYC method uses a maximum
likelihood framework to delimit species by fitting intraspecific
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(coalescence) and interspecific (yule) species branching
models on ultrametric trees, estimating the transition point
before which all nodes reflect species diversification events
and after which all nodes represent a population coalescent
process (Pons et al. 2006; Fujisawa and Barraclough 2013).
This method was designed for the analysis of single-locus
data, but is frequently applied to ultrametric trees from
concatenated multilocus data by postulating a shared genea-
logical history (e.g., Arrigoni et al. 2016; Nieto-Montes de
Oca et al. 2017; Renner et al. 2017). The GYMC analyses
were conducted under the single-threshold model as recom-
mend Fujisawa and Barraclough (2013), and with ultrametric
trees obtained from ITS, cpDNA, and concatenated ITS +
cpDNA data using BEAST 1.8.4 (Drummond et al. 2012).
For tree estimation, we used four runs of 100 million genera-
tions sampling every 25,000, an uncorrelated lognormal clock
model (UCLN), a yule process for the species tree prior, and
the models of nucleotide substitution and relaxed clock un-
linked across character partition. For estimation of relative
divergence times, the most recent common ancestor
(MRCA) of South American Physaria was calibrated under
a normal distribution of mean=1 and sd=0.01. The first 25%
of each run was discarded as burn-in, and ESS > 200 was
checked in Tracer 1.7.1 (Rambaut et al. 2018). Replicates
were combined using LogCombiner 1.8.4, and the MCC tree
calculated with TreeAnnotator 1.8.4 (http://beast.community/
treeannotator) was used in the GYMC analyses. Alternatively,
assuming that discordance between partitions could be caused
by incomplete lineage sorting, and in order to compare with
the GMYC results obtained from the concatenated analyses,
we also estimated specimen trees with the ITS + cpDNA data
under the multispecies coalescent (MSC) model implemented
in * BEAST extension (Heled and Drummond 2010), using all
accessions as separate operational taxonomic units (OTUs).
An UCLN clock model, the Yule tree prior, and the piecewise
linear with constant root for the population size model were
assigned to each sampled locus. Six runs were conducted in
BEAST using 100 million generations and sampling every
25,000. After checking for convergence and ESS, and
discarding the burn-in (25%), the MCC tree was calculated
and used in the GYMC analyses. All BEAST analyses were
conducted in the CIPRES Science Gateway v3.3 (www.
phylo.org; Miller et al. 2010).

Finally, potential evolutionary independent lineages iden-
tified with molecular data were contrasted with morphospe-
cies (sensu O’Kane and Al-Shehbaz 2004; Al-Shehbaz and
Prina 2009; Al-Shehbaz 2012b) and ecoregions (sensu
Olson et al. 2001) they inhabit, selecting the lineages (primary
hypotheses) that maximize the congruence of all data sources.
For morphological assignment, we examined 366 herbarium
specimens mainly from BA, BAA, CORD, LIL, LPB, MERL,
and SI (acronyms follow Thiers 2020) and fresh material col-
lected during field trips along the Andes of Argentina and
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Bolivia (specimen vouchers in Table S1 of Supplementary
Material). For ecoregion mapping, we used specimen occur-
rence data (see climatic niche analyses), extracting from a
shapefile based on the ecoregions proposed by Olson et al.
(2001) (https://c402277 ssl.cfl.rackcdn.com/publications/15/
files/original/official teow.zip?1349272619) the
corresponding ecoregion for each occurrence point.
Additionally, we also registered biogeographical provinces
where specimens occur using the bioregionalization and
shapefiles proposed by Morrone (2015), Romano (2017),
and Arana et al. (2017) for the Andes and Argentina.

Species delimitation: validation approaches

Lineages identified with the discovery approaches were first
tested using the multispecies coalescent (MSC) model imple-
mented in BPP (Bayesian Phylogenetics and Phylogeography)
4.1.4 (Yang and Rannala 2014; Yang 2015; Flouri et al. 2018).
BPP analyzes multiple loci under the MSC to compare differ-
ent models of species delimitation and species phylogeny
(Yang and Rannala 2014; Rannala and Yang 2017) in a
Bayesian framework, estimating relative species-divergence
times (Ts) and population sizes for both modern and ancestral
species (8s). BPP was shown to outperform other species de-
limitation methods across different speciation scenarios, gener-
ally producing fewer overestimates of the number of species
than other methods (Luo et al. 2018). We conducted joint-
lineage delimitation and species-tree estimation (algorithm
All—unguided species delimitation) (Yang and Rannala
2014), assigning specimens to the lineages previously
delimited under the discovery approaches. To perform the anal-
ysis, we separated data in 2 partitions: ribosomal nuclear and
concatenated plastid data. Analyses were conducted using the
default prior for the species-tree models (speciesmodelprior =
1) assigning equal probabilities for the rooted trees (Yang and
Rannala 2014). For priors of parameters T, and 0, we used
inverse gamma distributions [IG(«, 3)] considering « = 3 (dif-
fuse prior) and values of 3 that cover different alternative sce-
narios for ancestral population size 0 = 1G(3, 0.002), IG(3,
0.02), IG(3, 0.2), and root age Ty = IG(3, 0.004), IG(3, 0.2).
Consequently, we analyzed a total of six different combinations
of parameters, where 0 = IG(3, 0.2) Ty = IG(3, 0.004) (large
population size and shallow divergence) was the most conser-
vative speciation scenario, favoring models containing fewer
species (Leaché and Fujita 2010). Each combination was run
twice using different random seeds in order to check conver-
gence and the MCMC was set to 500,000 samples with burn-in
= 10,000 and sample frequency = 50.

Second, we employed the Bayes factor-delimitation ap-
proach (BFD) (Grummer et al. 2014) for lineage validation.
Unlike BPP, which provides species delimitation probabilities,
BFD provides a ranking of the species delimitation models that
are tested. In BFD, marginal likelihood estimates (MLEs) of
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each competing species delimitation hypotheses are estimated
and Bayes factors (BFs) are used to assess their support.
Different hypotheses were tested using the MSC model in
*BEAST, with the nucleotide substitution models selected in
jModeltest2, an uncorrelated lognormal clock model (UCLN),
a Yule process for the species tree prior, and the piecewise
linear with constant root for the population size model assigned
to each locus. For each hypothesis, four runs were conducted
using 100 million generations and sampling every 10,000. The
BF was calculated using MLE obtained both by path-sampling
(PS; Lartillot and Philippe 2006) and stepping-stone sampling
methods (Xie et al. 2011) with 100 steps of one million gener-
ations each and & = 0.3. All *BEAST analyses were conducted
in the CIPRES Science Gateway v3.3 (www.phylo.org; Miller
et al. 2010). The 2InBF = 2[MLE (model 1)-MLE (model 2 )]
was calculated to compare the competing hypotheses following
criteria of Kass and Raftery (1995): 2InBF = 0-2 “not worth
more than a bare mention,” 2InBF = 2—-6 “positive” support,
2InBF = 6-10 “strong” support, and 2InBF > 10 “decisive”
support for model 1 over 2. Finally, MCC species tree of the
best ranked model was obtained with TreeAnnotator discarding
the first 25% of each run.

Finally, we also evaluated lineage boundaries using the
genealogical divergence index (gdi) (Jackson et al. 2017,
Leaché et al. 2019) following the heuristic approach conduct-
ed in Chan and Grismer (2019). We performed the A0O anal-
ysis in BPP to generate posterior distributions for the param-
eters 0 and T. For prior assignment of these parameters, we
used o = 3 for both 8 and 1, and empirical estimations of 3
adjusted as follows: (1) for 0 using the mean (mg) estimate of
pairwise uncorrected p-distances within each lineage calculat-
ed with the R package ape 5.3. (Paradis and Schliep 2018),
and (2) for T, using the mean (m.) estimate of the MRCA
height of South American Physaria from the species trees
obtained in the BEAST analyses. Values of 3 were then cal-
culated using the equation m = 3/(x—1), for « > 2 (Flouri et al.
2018) (empirical values obtained: 3o = 0.018, 3. = 0.02).
Two separate MCMC runs (1 million generations, sampling
each 1000 generations, and with burn-in = 10,000) were per-
formed to ensure convergence and combined to generate pos-
terior distributions of 0 and T parameters that were subse-
quently used to calculate the gdi following the equation: gdi
=] —¢ 2% (Jackson et al. 2017; Leaché et al. 2019), with
population A distinguished from population B by 2Top/04.
Lineages are considered distinct species when gdi values are >
0.7, while low gdi values < 0.2 indicate that populations be-
long to the same lineage. Values of 0.2 < gdi < 0.7 indicate
ambiguous lineage status (Jackson et al. 2017).

Climatic niche analyses

Once evolutionary independent lineages and their boundaries
were defined with the delimitation methods (see above), we
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conducted climatic-niche comparisons among them in order
to detect PNC or niche-divergence patterns. We used occur-
rence data obtained from the examination of specimens de-
posited in different herbaria and field collections (specimen
vouchers in Table S1, Supplementary Material). All records
were previously mapped using QGIS v2.18.12 “Las Palmas”
(Quantum GIS Development Team 2016) for visual inspec-
tion, and in cases of specimens with no GPS coordinates but
exact locality names, records were georeferenced using
Google Earth Pro v7.3.2.5776 (https://www.google.com/intl/
en/earth/). After removing duplicates and occurrences closer
to 30 arc-seconds (~ 1 km), we obtained a total of 312 data
points corresponding to six evolutionary lineages, with an
average of 52 data points per lineage and ranging from eight
to 110 (crassistigma lineage: 63, northern lateralis lineage: 14,
southern lateralis lineage: 13, mendocina lineage: 110,
urbaniana lineage: 104, yungas lineage: 8; see results)
(dataset available in Table S1, see supplemental material
online). Because tests of niche overlap in the geographical
space (G-space) (e.g., geographical projections derived from
species distribution-modeling (SDM) techniques) are likely to
vary depending on the extent and distribution of environmen-
tal gradients in the study area (Broennimann et al. 2012;
Brown and Carnaval 2019), analyses were conducted along
the environmental space (E-space). For this purpose, informa-
tion on the current climatic conditions within the study area
was extracted from the CHELSA 1.2 climatic dataset (Karger
et al. 2017a, b) at a resolution of 30 arc-seconds (~ 1 km?).
CHELSA data is suitable for studies in mountain areas be-
cause it incorporates orographic predictors as wind field and
valley exposition, and thus increases accuracy of species-
range prediction, principally for the precipitation pattern
(Karger et al. 2017a). Values of all 19 bioclimatic variables
were extracted from the area defined by a minimum convex
polygon enclosing all specimen records with 50-km buffer
zone (ca. 20°58'S—42°52'S lat, 71°06"'W—-38°49'W long; Fig.
S2, see Supplementary Material online). Additionally, we also
included data from the annual aridity index (AI) and potential
evapotranspiration (PET) from the CGIARCS database 2
(Trabucco and Zomer 2019) at the same resolution. Data ex-
traction and manipulation were done using the packages
adehabitatHR 0.4.16 (Calenge 20006), raster 2.8.19 (Hijmans
2019), sp 1.3.1 (Bivand et al. 2013), and maptools 0.9.5
(Bivand and Lewin-Koh 2019). Dimensionality of the envi-
ronmental space was reduced by performing a PCA-env ap-
proach (Broennimann et al. 2012) with the R package vegan 2.
5-6 (Oksanen et al. 2019), in which a principal component
(based on a correlation matrix) is calibrated on the entire en-
vironmental space (in our case, 19 bioclimatic variables from
CHELSA+ IA + PET) included in the study area (the 50-km-
buffered minimum convex polygon enclosing all specimen
occurrences for this work, Fig. S2, Supplementary Material
online). Numbers of statistically significant principal
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components (PCs) to include in the analyses were estimated
using the broken-stick method (Jackson 1993) implemented in
the R package BiodiversityR 2.11-3 (Kindt and Coe 2005),
retaining the first three PCs, which accounted for 83.73% of
the total niche variation (see Results). First, as a preliminary
approximation, we conducted univariate analyses and the
Kruskal-Wallis test together with the Bonferroni correction
for multiple comparisons to assess for differences between
Physaria lineages for the three first PCs, elevation, annual
mean temperature (BIO1), and annual precipitation (BIO12).
Furthermore, comparisons of environmental niche overlaps
among lineages were also visualized using density profiles
computed for each bioclimatic niche axis in the sm 2.2-5.6
package (Bowman and Azzalini 2018). Then, PCs were used
to estimate the climatic niche of each species using the n-
dimensional hypervolume (Blonder et al. 2014). The
hypervolume method creates an n-dimensional space
reflecting the Hutchinsonian niche (Hutchinson 1957) of spe-
cies or clades (Blonder 2018; Blonder et al. 2014). The
hypervolume was calculated using the R package
hypervolume 2.0.11 (Blonder and Harris 2018) with the
Gaussian kernel density-estimation method, bandwidth esti-
mated from the data (Silverman estimator), quantile of 90%,
and 10,000 replicates per data point. We first explored posi-
tion of the climatic niches occupied by the Physaria lineages
within the environmental hypervolume estimating centroid
distances (Euclidean distance between centroids of two
hypervolumes) because distance metrics are most appropriate
for fully disjunct hypervolumes (Mammola 2019). To visual-
ize niche position from centroid distances, we applied multi-
dimensional scaling on the resulting dissimilarity matrix, and
plotted the first two axes in a phylomorphospace plot using the
estimated MCC species tree and the R packages ape and
phytools 0.6.20 (Revell 2012). Alternatively, to analyze po-
tential patterns of PNC or niche divergence between lineages,
niche overlap among their hypervolumes was quantified with
the Serensen—Dice similarity index, and used to perform the
equivalency and similarity tests (Warren et al. 2008). To con-
duct the equivalence test, which studies whether niches of two
species are the same, occurrences of the lineages A and B were
pooled and randomly assigned to one of two groups, and thus
maintaining the original number of occurrences. Then,
hypervolumes for each random group and the Serensen—
Dice similarity index were estimated using the same settings
described above. Resampling was replicated 1000 times and
the null distribution (niches are equivalent) was rejected if
empirical niche overlap was lower than the 95% of simulated
values (one-tail test). For similarity test, which studies wheth-
er niches of two species are more similar (conserved) or dis-
similar (divergent) than expected by chance accounting for the
differences in the surrounding environmental conditions, we
estimated niche overlap between lineage A and the random
sampling of the background space of lineage B, and vice
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versa. Resampling was replicated 1000 times and the null
distribution (similarities or differences between niches are ex-
plained by chance) was rejected if empirical niche overlap was
greater (similar) or lower (dissimilar) than the 95% of simu-
lated values (two-tail test).

Geographical-range overlap

Because patterns of geographical-range overlap and niche
similarity between closely related species are complementary
to delineate speciation processes (Lynch 1989; Chesser and
Zink 1994; Barraclough and Vogler 2000; Fitzpatrick and
Turelli 2006; Kozak and Wiens 2006; Anacker and Strauss
2014; Grossenbacher et al. 2014; Spalink et al. 2016), we
calculated the species-range overlap among Physaria lineages
using binary presence/absence maps of each lineage derived
from species distribution-modeling (SDM) predictions. To
model distribution of lineages, we used the maximum entropy
algorithm implemented in Maxent 3.4.1 (Phillips et al. 2017).
Because inclusion of the 19 bioclimatic variables in the SDM
can be problematic due to high degrees of collinearity among
predictors, we performed initial analyses on all 19 CHELSA
variables and then chose climatic variables that contribute
most in the Maxent models using jackknife test, and with a
Spearman’s rank correlation coefficient (p) < 0.7. Seven var-
iables were selected for the SDM analyses: annual mean tem-
perature (BIO1), mean diurnal range (BIO2), isothermality
(BIO3), temperature seasonality (BIO4), mean temperature
of driest quarter (BIO9), annual precipitation (BIO12), and
precipitation of driest quarter (BIO17). Maxent analyses were
performed using ten cross validation runs with maximum it-
erations of 1000, logistic output, and all other options left as
default (convergence threshold of 1x107°, 1x10* background
points, regularization multiplier of 1, default prevalence of
0.5, and autofeatures). The area under the receiver operating-
characteristic curve (AUC) was used as a measure of model
performance, and variable contribution to SDM was evaluated
through both permutation importance and jackknife tests.
Since the choice of a threshold is a topic of ongoing debate,
we used the threshold indicating maximum training sensitivity
plus specificity (MTSS), which is considered a more robust
approach (Liu et al. 2005, 2013). The degree of range overlap
between two species was estimated as the ratio of the area
shared by both species to the area of the smaller ranged spe-
cies (Barraclough and Vogler 2000). In this way, if one dis-
tribution range is contained within another (sympatric distri-
bution), overlap is one (100%). Alternatively, because Last
Glacial Maximum (LGM) is one of the episodes that had a
major effect on the evolutionary history of extant species, with
climate promoting fragmentation, connectivity, extinction, or
population expansion (Hewitt 2004; Peterson and Lieberman
2012), we also estimated range overlap among lineages
projecting the species distribution models on climatic data
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from CHELSA corresponding to the LGM (~ 21 kya)
(CCSM4 model), using the MTSS logistic threshold to estab-
lish areas where the lineage is likely to have been present or
absent.

Results
Delimitation of independent evolving lineages

Features of ntDNA (ITS) and cpDNA (trnL-F, trnH-psbA,
trnG, and trnS-trnG) alignments are summarized in
Table S2 (see supplemental material online). We obtained
29 and 43 haplotypes for the ITS and cpDNA datasets, respec-
tively. Physaria mendocina, the morphospecies with the wid-
est geographical range (Fig. 2), also presented the highest
number of haplotypes (13 for ITS and 16 for cpDNA).
Median-joining networks from nrDNA and cpDNA show
similar relationships, and groups with the same or closely
related haplotypes included specimens mostly of one or more
morphospecies, which were also associated with the different
environments in which they inhabit: group A—P. urbaniana,
P. pygmaea, and P. okanensis from the Puna of central Andes;
group B—most P. crassistigma from highlands of southern
Andes; group C—most P. lateralis from lowlands of the Dry
Chaco and Low Monte; group D—specimens of P. urbaniana
from Yungas of central Andes; and group E—specimens of
P. mendocina from central and eastern Argentina, mostly dis-
tributed along the Dry Chaco and Low Monte (Fig. 3).
Phylogenetic analyses using ITS, cpDNA, and concatenated
ITS+cpDNA also recovered similar groups (Figs. 4 and S3,
S4, Supplementary Material) with clade A “urbaniana line-
age” (PP ITS: 0.52, cpDNA: 1.00, concatenated: 1.00, coales-
cence: 0.97) composed by specimens of P. urbaniana,
P. pygmaea, and P. okanensis inhabiting highlands of the
central Andes in northern Argentina and southern Bolivia

Fig. 3 Median-joining networks
of a, nrITS dataset; b, cpDNA
dataset (trnLF, trnH-psbA, trnG
intron, trnS-trnG spacer). Six
morphologically defined species
are distinguished by different
colors: blue, P. crassistigma;
pink, P. lateralis; red,

P. mendocina; black,

P. okanensis; yellow,

P. pygmaea; green: P. urbaniana.
Intermediate (unobserved) haplo-
types are distinguished by small
gray circles. Circle sizes corre-
spond to relative numbers of in-
dividuals sharing a particular
haplotype

nriTS

group A

haplotype
frequency

@ P. crassistigma
OP. pygmaea

group C
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@ P. lateralis
@ P. urbaniana © unobserved haplotype

(Central Andean Puna and High Monte ecoregions); clade B
“crassistigma lineage” (PP ITS: 0.79, cpDNA: 0.85,
concatenated: 0.90, coalescence: 0.64) including
P. crassistigma and some specimens of P. mendocina and
P. lateralis, all growing on highlands of the southern Andes
in the Mendoza Province (High Monte and Southern Andean
Steppe ecoregions); clade C “lateralis lineage” (PP ITS: <0.5,
cpDNA: <0.5, concatenated: 0.92) including P. lateralis from
lowlands of Dry Chaco and Low Monte ecoregions; clade D
“yungas lineage” (PP ITS: 1.00, cpDNA: 1.00, concatenated:
1.00, coalescence: 0.98) grouping specimens of P. urbaniana
from the Yungas of the central Andes; and clade E
“mendocina lineage” (PP ITS: <0.5, cpDNA: 0.54,
concatenated: 0.52, coalescence: 0.50) including specimens
of P. mendocina from lowlands of the Dry Chaco and Low
Monte ecoregions. Additionally, under cpDNA, concatenated
ITS+cpDNA, and coalescence analyses, clade C was split in
subclade C1 “northern lateralis lineage” (PP cpDNA: 1.00;
concatenated: 1.00; coalescence: 0.95) with specimens of
P. lateralis from the Comechingones biogeographical prov-
ince in San Luis Province, and C2 “southern lateralis lineage”
(PP ITS: 0.79; cpDNA: 1.00; concatenated: 1.00; coalescence:
0.87) including specimens of P. lateralis from the Low Monte
biogeographical province in Mendoza province. Subclade C2
was recovered with ITS data (PP ITS: 0.79) but within the C1
subclade. When ITS and cpDNA data were analyzed using
concordance analyses, variation of the discordance prior (o)
had no effect on topology or concordance, and the primary
concordance tree produced by BUCKYy also recovered the
main lineages present in concatenated analyses (Fig. SSa,
Supplementary Material). Alternatively, when differences be-
tween the ITS and cpDNA trees were represented graphically
by a filtered supernetwork, specimens were largely grouped in
these lineages, despite the evidence of incongruences within
them (Fig. S5b, Supplementary Material). Results from the
specimen-tree analysis under the multispecies-coalescent

group D

i T
% Preed
group C 40 \
%’ X _group B
'/QWX\

group A

@ P. mendocina @ P. okanensis
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concatenated

Fig. 4 Phylogenetic placement of sampled specimens of South American
Physaria. (a—¢) Maximum clade credibility (MCC) tree generated by
Bayesian inference with BEAST 1.8.4. (a) nrITS dataset. (b) cpDNA
dataset (trnL-F/trnH-psbA/trnG intron/trnS-trnG). (¢) Concatenated ITS
+ cpDNA datasets. (d) MCC tree estimated from ITS and cpDNA
datasets using the multispecies coalescent method implemented in
*BEAST v.1.8.4. The small circles on nodes indicate posterior probabil-
ity (pp): black circles pp>0.9, gray circles 0.9>pp>0.7, white circles

model were congruent with the concatenated analyses, recov-
ering same lineages, excepting for the lateralis lineage (clade
C), for which the monophyly between northern lateralis (C1)
and southern lateralis (C2) subclades was not obtained (Fig.
4(d)). The single threshold GMYC analyses delimited three
lineages with the ITS and concatenated ITS+cpDNA trees
(urbaniana, crassistigma, and the “lateralis+yungas+
mendocina” lineages), and six using the cpDNA and coales-
cence ITS-cpDNA trees (all main lineages identified in the
phylogenetic analyses and the lateralis lineage splits into the

@ Springer

iy
Yy
C  A—
2 ;— tﬂ;ém
— "
— 75 g
- FEN -

coalescence

0.7>pp=>0.5. Letters on the branches show delimited lineages: A,
urbaniana lineage (green); B, crassistigma lineage (blue); C, lateralis lin-
eage; C1, northern lateralis lineage (purple); C2, southern lateralis lineage
(pink); D, mendocina lineage (red); E, yungas lineage (yellow). For tip
labels: CRA, P. crassistigma; LAT, P. lateralis; MEN, P. mendocina;
OKA, P. okanensis; PYG, P. pygmaea; URB, P. urbaniana. In all cases,
the geographical location of each specimen was plotted

southern lateralis and northern lateralis lineages) (Fig. 5(a)).
Main lineages, identified with molecular data and the discov-
ery approaches, were morphologically characterized and
proved to be generally congruent with one or more morpho-
species. The urbaniana lineage included specimens of
P. okanensis, P. pygmaea, and P. urbaniana, all of them eas-
ily distinguishable by their ellipsoid to ovoid and
angustiseptate fruits. On the other hand, the crassistigma lin-
eage mostly included specimens of P. crassistigma, character-
ized by its fruits with a short style (0.7—1.5 mm long), together
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Fig. 5 Results of species delimitation analyses. (a) Results from GMYC
(discovery approach), BPP, and BFD (validation approaches) plotted
onto the MCC tree obtained with the concatenated ITS+cpDNA dataset.
GMYC analyses were conducted using MCC trees obtained with nrITS,
cpDNA, concatenated nrITS+cpDNA, and coalescence nrITS—cpDNA
analyses. BPP analyses were conducted using six different combinations

southern lateralis ¢
lineage 1

0.92

northern
lateralis lineage

0.73

yungas lineage 1

mendocina

lineage 55

0.2
0.92

with some specimens with styles slightly longer than 1.5 mm,
but with fruits wider than long, subinflated, and with the stig-
ma broadly capitate; all these features are characteristic of
P. crassistigma. The lateralis lineage included specimens with
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of © and 70 priors. For Bayes factor delimitation analyses (BFD), only
the most supported hypothesis is shown. (b) gdi values for each delimited
lineage. Numbers correspond to the median and 95th percentile. Dashed
lines indicate gdi values of 0.2 and 0.7. Image: flower and fruit of
P. mendocina

the typical morphology of P. lateralis (procumbent to decum-
bent stems with entire leaves and globose-terete fruits), while
the mendocina lineage included specimens associated with the
morphology of P. mendocina (erect to ascending stems with
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dentate leaves and globose-terete fruits). Finally, specimens
included in the yungas lineage have a vegetative morphology
similar to P. urbaniana, but they were clearly differentiated by
presenting terete-globose fruits, similar to those of
P. mendocina and P. lateralis, instead of the ellipsoid-ovoid
and angustiseptate fruits characteristic of species of the
urbaniana lineage. Based on results obtained with the discov-
ery approaches, we decided to use as primary hypothesis to be
tested by the validation approaches, the six main clades re-
ported above, since each of these lineages was characterized
by different morphospecies and by the ecoregions/
biogeographical provinces in which they inhabit.

Results from the validation approaches using the BPP analy-
ses with joint-lineage delimitation and species-tree estimation
highly supported the six lineage model for all prior combinations
(PP >0.99), except for the most conservative scenario (3 = 0.2
for ©) (Fig. 5(a), Table 1), in which a five-lineage model with the
“northern lateralis + southern lateralis” lineage was favored with
low support (PP =0.50 and 0.56 for 3 o = 0.004 and 0.2, re-
spectively). Under 3 = 0.002 and 0.02 for © prior posterior
probabilities for each of the six candidate lineages were > 0.99,
while with 3 = 0.2 only the urbaniana and mendocina lineages
received PP > 0.90 (Table 1). Alternatively, different values of 1,
prior had no influence on results obtained.

BFD analyses favored models with 5 or 6 lineages over
models with 1-4 lineages (Table 2). The most supported mod-
el included five lineages with the “northern lateralis + south-
emn lateralis” lineage, followed by the model with the six can-
didate groups. The MCC species trees from these models re-
covered the yungas lineage sister to the mendocina lineage
(Fig. 6(a)), while in the six-lineage tree the northern lateralis
lineage was sister to southern lateraris lineage (Fig. 6(a)).
Finally, gdi index only present conclusive support (gdi >
0.7) for differentiation of the urbaniana lineage (Fig. 5(b)),
while for the remaining candidate lineages status was ambig-
uous (0.2 < gdi < 0.7) (Fig. 5(b)).

Table 1 Species models and posterior probabilities for the candidate
lineages delimited by BPP 4.1.4 under six scenarios for © and 70 priors.
URB, urbaniana lineage; CRA, crassistigma lineage; MEN, mendocina
lineage; YUN, yungas lineage; NLA, northern lateralis lineage, SLA,

Because results supported differentiation of the urbaniana,
crassistigma, lateralis, yungas, and mendocina lineages, we
included them in the ecological and geographical analyses.
For the northern and southern lateralis lineages, the evidence
suggest that they could be part of the same species. However,
on the basis that (1) different genetic structure was recovered
for both groups, (2) one-lineage model was only slightly fa-
vored over two-lineages models in the BFD analyses, (3) both
groups exhibit an allopatric distribution and inhabit different
ecoregions/biogeographical provinces, and (4) the aim of this
work is to study ecological and geographical patterns in sep-
arately evolving metapopulation lineages, rather than deter-
mining the taxonomic status of the groups over the extended
process of speciation, we decided to analyze the niche and
geographic range of these two lineages separately. Thus, cli-
matic and geographic patterns were studied for the six identi-
fied South American Physaria lineages.

Climatic niche comparisons

Eigenvalues and variable loadings for the PCA-env approach
are shown in Table S2 (see Supplementary Material online).
Using the broken-stick method, we selected the first three
PCs, accounting for 83.72% of the niche variation (39.32%,
24.87%, and 19.52%, respectively). Variable loadings (Fig.
S6, Table S3, Supplementary Material) showed that the first
component was primarily influenced by the minimum temper-
ature of coldest month (BIO6), the mean temperature of
coldest quarter (BIO11), and the annual mean temperature
(BIO1); the second component by the temperature seasonality
(temperature change over the course of the year—BIO4), the
temperature annual range (BIO7), and the precipitation of
wettest month/quarter (BIO13/BIO16); and the third compo-
nent by the precipitation of driest quarter/month (BIO17/
BIO14), the potential evapotranspiration (PET—ability of

southern lateralis lineage; NLA-SLA, lateralis lineage (including both
northern and southern lateralis lineages). Values of posterior probability
reported here correspond to the mean + s.d. of two replicates, values >
0.90 are indicated in bold.

Priors N° species  Posterior probability (pp)

S} 70 Best model Best model URB CRA MEN YUN NLA SLA NLA-SLA
1G(3.0.002) 1G(3.0.004) ©6 1.00+£0.00  1.00+0.00 1.00+0.00 1.00+0.00 1.00+0.00 1.00+0.00 1.00+0.00 0.00:+0.00
1G(3.0.02) IG(3.0.004) 6 1.00£0.00  1.00+£0.00 1.00£0.00 1.00+0.00 1.00+0.00 1.00+0.00 1.00+0.00  0.00+0.00
1G(3.0.2) 1G(3.0.004) 5 0.50+0.00  0.90+0.00 0.65+0.00 0.99+0.00 0.64+0.00 0.79+0.00 0.51+0.00 0.33+0.00
IG(3.0.002) IG(3.0.2) 6 1.00+£0.00  1.00£0.00 1.00+£0.00 1.00+0.00 1.00+0.00 1.00+0.00 1.00+£0.00 0.00+0.00
1G(3.0.02) 1G(3.0.2) 6 1.00£0.00  1.00£0.00 1.00£0.00 1.00+0.00 1.00+0.00 1.00+0.00 1.00+0.00 0.00+0.00
1G(3.0.2) 1G(3.0.2) 5 0.56+0.02  0.94+0.02 0.56+0.00 0.99+0.00 0.65+0.00 0.83+0.03 0.39+0.01 0.41+0.03
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Table 2  Bayes factor species delimitation results for South American
Physaria lineages using the multispecies Coalescent model in *BEAST
v1.8.4. First model corresponds to the most conservative scenario (a
single putative species) while the last model represents the most
species-rich scenario suggested by the discovery approaches (6 candidate
species; URB urbaniana lineage, CRA crassistigma lineage, NLA northern

lateralis lineage, SLA southern lateralis lineage, MEN mendocina lineage,
YUN yungas lineage). Bayes factors are calculated between the best
ranked model (five-lineage model, in bold) vs. the other models. Values
correspond to the mean and sd of four replicates. Marginal likelihood was
estimated both by path sampling (PS) and stepping stone (SS)
approaches.

Species model N species Marginal likelihood 2logBF Rank
PS SS PS SS
1: (URB CRA NLA SLA MEN YUN) 1 —6730.61+0.44 —6730.81+0.42 170.25+4.34 169.52+4.20 6
2: URB, (CRA NLA SLA MEN YUN) 2 —6681.85+1.00 —6682.23%1.02 72.724+4.53 72.37+4.60 5
3: URB, (CRA NLA SLA), (MEN YUN) 3 —6655.71+0.90 —6656.07+0.80 20.45+3.71 20.05+3.41 4
4: URB, (CRA NLA SLA), MEN, YUN 4 —6652.43+0.08 —6652.84+0.23 13.89+3.54 13.5843.31 3
5: URB, CRA, (NLA SLA), MEN, YUN 5 —6645.49+1.79 —6646.05+1.74 0.00+0.00 0.00+0.00 1
6: URB, CRA, NLA, SLA, MEN, YUN, 6 —6648.88+2.05 —6649.50+1.99 6.78+3.78 6.91+3.74 2

the atmosphere to remove water through evapotranspiration
processes), and the precipitation of coldest quarter (BIO19).

Climatic space occupied by the Physaria lineages along the
different components of the environmental space shows that
occurrences are extended along almost all the background
(Fig. 6(c—d)). Univariate analyses found significant differ-
ences in all PCs, elevation, annual mean temperature
(BIO1), and annual precipitation (BIO12) (Fig. S7,
Supplementary Material). Most differentiated lineages were
the urbaniana lineage for elevation (growing at higher eleva-
tion, Fig. 6(f)), the mendocina lineage for PC1 (with higher
annual and winter temperatures), the urbaniana and yungas
lineages for PC2 (with lower temperature seasonality, lower
temperature annual range, and higher precipitation in the rainy
season), and the yungas lineage for PC3 (with the lower pre-
cipitation in the dry season and the higher PET) (Fig. S7,
Supplementary Material). The northern lateralis and
mendocina lineages, which grow at a lower elevation, had
the highest mean annual temperatures, while the crassistigma
lineage presented the lowest mean annual precipitations (Fig.
S7, Supplementary Material).

Hypervolumes estimated for the different lineages using
the first three PCs are shown in Fig. 7(a—c). The urbaniana
and mendocina lineages exhibit the largest volumes (greater
niche breadth), while the yungas and northern lateralis line-
ages presented the smaller ones. Multidimensional scaling
using centroid distances show that related lineages were high-
ly differentiated in their niche positions (Fig. 7(d)). In addi-
tion, values of niche overlap (quantified using the Serensen-
Dice similarity index) were generally low for all lineages
(Table 3), with exception of the crassistigma-southern lateralis
pair (= 0.58). According to these results, the niche equivalen-
cy test recovered significant differentiation (non-equivalency)
for all niche pairs (p<0.05) (Table 3), except for the
crassistigma-southern lateralis lineages (p = 0.139).
Similarity test shows niche divergence for most lineage pairs,
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especially when closely related lineages were compared.
Niches in sister groups yungas-mendocina lineages and north-
ern lateralis-southern lateralis lineages were always divergent,
while lineages, in which niches presented significant similar-
ity when the background space was considered, were not
closely related in the phylogenetic analyses (Table 3, Fig.
6(a)), thus reinforcing the idea of niche divergence across
the evolution of these taxa.

Spatial patterns

When specimen distribution was analyzed, all lincages were
characterized by inhabiting a different combination of
ecoregions/biogeographical provinces (Fig. 6(a)). This pattern
was most pronounced between closely related lineages, in line
with the results from the climatic-niche comparisons.
Geographic-range estimations (from current projections using
SDMs and the maximum-training sensitivity plus specificity
as threshold) showed that the largest ranges were obtained for
the mendocina and urbaniana lineages, while the northern
lateralis and yungas lineages presented the smallest ones
(Figs. 8 and S8, Supplementary Material). Range overlap
was close to zero for most lineages (Table 3), except between
the non-closely related lineages urbaniana-yungas and
mendocina-northern lateralis (65% and 100%, respectively).
Sister lineages (yungas-mendocina and northern lateralis-
southern lateralis) exhibited a strong allopatric pattern (over-
lap=0%, Table 3). When geographic ranges were calculated
over the LGM projections, low-range overlap continued to be
predominant, but for sister northern and southern lateralis
lineages overlap changed to 100% (Table 3) (northern
lateralis was included within the southern lateralis
range, Fig. S9 of Supplementary Material). Finally,
closely related mendocina-yungas lineages conserved
their allopatric distribution (overlap=0%).
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Fig. 6 Geographic and climatic niche distribution for delimited lineages
of South American Physaria. (a) Maximum clade credibility (MCC)
species tree estimated from ITS and cpDNA datasets using the multispe-
cies coalescent method implemented in *BEAST 1.8.4 and the hypothesis
of six independently evolving lineages. Numbers on branches correspond
to posterior probability. (b) Geographic distribution of lineages: green,

Discussion

In this study, we investigated ecological and geographical
patterns associated with the diversification of South
American Physaria. However, instead of using predefined
OTUs based on a particular species concept, we attempted to
identify independently evolving metapopulation lineages in
the light of the general lineage concept of species (de
Queiroz 1998). Under this unified species concept, properties
from other criteria (morphological differentiation, reciprocal
monophyly, reproductive isolation, ecological divergence,
etc.) are reinterpreted as non-excluding properties of the spe-
cies category. Instead, they are considered contingent proper-
ties which may or may not be acquired through the species
formation process (de Queiroz 2007). Identification of these
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urbaniana lineage; blue, crassistigma lineage; purple: northern lateralis
lineage; pink, southern lateralis lineage; red, mendocina lineage; yellow,
yungas lineage. (c—e) Distribution of lineages along the environmental
space (PCA-env). (¢) PC1 vs PC2. (d) PC1 vs PC3. (e) PC2 vs PC3. (f)
Violin plot of elevation for delimited lineages. Points on plots indicate
median values

“independently evolving lineages” or “evolutionarily signifi-
cant units” (populations with ecological and genetic variation
of adaptive significance and unique evolutionary histories;
Ryder 1986; Moritz 1994; Crandall et al. 2000) is a funda-
mental step for the subsequent inclusion of the OTUs in evo-
lutionary, macroecological, and conservation studies (Riddle
and Hafner 1999; Isaac et al. 2004; Agapow et al. 2004,
Sukumaran and Knowles 2017), especially for groups where
phenotypic variation does not seem to be sufficient (either
because it is highly conserved or highly variable) for a robust
delimitation (Dayrat 2005). Nevertheless, delimited lineages
should be interpreted as tentative hypotheses based on the data
used, and to be confirmed or rejected by subsequent analyses
with additional evidences (see Carstens et al. 2013). Species
delimitation can be obscured by several process in addition to
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Table 3 Pairwise niche overlap
values using the Sorensen-Dice

Comparison A-B  Environmental niche

Geographic range overlap (%)

similarity index, p-values of niche

equivalency and similarity tests, Overlap Identity test (p) ~ Similarity test (p)  current LGM

and geographic range overlap (%) (Sorensen-Dice) ——

for lineages of South American A—-B  B-A

Physaria identified with the

delimitation approaches. URB-CRA 0.037 <0.01 <0.01*  <0.01" 0.0 24.8

Comparisons under equivalency URB-NLA 0.000 <0.01 <0.01* <0.01" 136 0.0

and similarity tests withp <0.05 {;pp g1 0.043 <0.01 039  <0.01° 3.0 0.0

(in bold) indicate that niches of b b

species A and B are not the same ~ URB-MEN 0.040 <0.01 <0.01°  <0.01" 5.1 0.0

(for the equivalency test) and URB-YUN 0.033 <0.01 0.485 <0.01"  65.1 0.0

more dissimilar or similar than CRA-NLA 0.000 <0.01 <0.01b <0_01b 0.0 0.0

expected by chance (for similarity - p \ o1 o 0.585 0.139 <0.01*  <0.01° 48 0.0

test). A—B: niche of lineage A vs

random sampling of the CRA-MEN 0.122 <0.01 <0.01°*  <0.01® 1.1 0.0

background space of B. B—A: CRA-YUN 0.037 <0.01 <0.01°*  <0.01> 0.0 61.3

niche of lineage B vs random NLA-SLA 0.000 <0.01 <0.01°  <0.01® 00 100.0

sampling of the background space a b

of lincage B NLA-MEN 0.026 <0.01 <0.01* <0.01" 100.0 56.5
NLA-YUN 0.000 <0.01 <0.01" <0.01" 00 0.0
SLA-MEN 0.204 <0.01 <0.01” 0178  13.1 91.2
SLA-YUN 0.000 <0.01 <0.01”  <0.01" 00 0.0
MEN-YUN 0.000 <0.01 <0.01" <0.01" 00 0.0

#More similar than expected by chance

® More dissimilar than expected by chance

the incomplete lineage sorting, as introgression between the
established species (Naciri and Linder 2015) or gene flow
between the divergent metapopulations (migration) (Jackson
et al. 2017). As a consequence, we used the identified evolu-
tionary independent lineages in order to test the role of climat-
ic niche and geography on the diversification of the group
regardless whether they represent true established species or
metapopulations of incipient divergence through a protracted
process of speciation. We prefer not to introduce taxonomic
changes or establish species ranks to the lineages obtained
until we generated more data, for example using RAD-Seq
data analyses.

South American Physaria represents a group with remark-
able similarity and low morphological differentiation, being
the six species basically indistinguishable in trichome type
and density, shape of basal and cauline leaves, flower size
and color, fruit indumentum, number of ovules/seeds per ova-
ry/fruit, seed shape and size, and cotyledonary position
(O’Kane and Al-Shehbaz 2004; Al-Shehbaz and Prina 2009;
Al-Shehbaz 2012b). Diagnostic characters in the group are
mainly related to the style length, fruit flattening (terete vs.
laterally compressed), leaf margins, and plant habit (rosulate
vs. pulvinate) (for a complete discussion about the morpho-
logical variation in the group, see O’Kane and Al-Shehbaz
2004; Al-Shehbaz 2012b). Although these diagnostic mor-
phological characters exhibit a continuous variation that often
diffuses the species boundaries, lineages identified here were
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generally associated with one or more morphospecies. Of
these, three main lineages were exclusively associated with
the mountain areas of the Andes. The urbaniana lineage in-
cluded all morphospecies distributed along the highlands of
the Argentinean and Bolivian Central Andes (P. urbaniana,
P. pygmaea, and P. okanensis), growing these species in the
Central Andean Puna and the High Monte ecoregions (21°24'
S—29°20'S lat) (Fig. 6(a)), mainly between 2000 and 4500 m.
The Central Andean Puna ecoregion is a high-elevation mon-
tane grassland in the High central Andes, and it is character-
ized by aridity and cold temperatures. The annual mean tem-
perature ranges between 8.5 and 9.5 °C, while precipitation is
seasonal and varies between 250 and 500 mm per year
(Cabrera and Willink 1973). The isothermality is also pro-
nounced, with drastic temperature changes between day and
night. Similarly, the High Monte ecoregion includes dry
grasslands and shrublands restricted to highlands of the pre-
Andean region of western Argentina, and its climate is also
temperate-arid with very little rainfall (Cabrera 1976).

The crassistigma lineage includes P. crassistigma, which is
characterized by its short style (0.7-1.5 mm), together with
specimens with styles more than 1.5 mm long, and classified
as P. lateralis or P. mendocina, but with fruits wider than long
and subinflated as in P. crassistigma (Al-Shehbaz 2012b). All
members of this lineage are also characterized by growing
along the southern Andean slopes in the Mendoza province,
in the high Monte and Southern Andean steppe ecoregions
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Fig. 7 Climatic niche
comparisons along the
environmental space using
hypervolumes for delimited
lineages of South American
Physaria. (a—c) Hypervolumes
(point density and alpha-hull
contour boundary) for delimited
lineages of South American
Physaria representing their cli-
matic niches, and estimated using
the values extracted from the
components of the PCA-env (first
three components). (a) PCenvl vs
PCenv2. (b) PCenvl vs PCenv3.
(¢) PCenv2 vs PCenv3. (d)
Phylomorphospace plot showing !

PCenv-1

PCenv-2 T

PCenv-3

niche position between delimited 0
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lineages obtained using centroid
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(32°S-36°S lat) (Fig. 6) mainly between 2000 and 3500 m.
The Southern Andean steppe ecoregion extends along the
high elevations of the southern Andes of central Argentina.
This corresponds to the Cuyan high Andean Province of
Morrone (2018) and the Cuyan High Andean district of the
Altoandina phytogeographical province of Cabrera (1976).
Climate of this area is dry and very cold at high elevations,
seasonality is pronounced, and frosts are frequent all year
round. Mean annual precipitations vary from north to south,
from approximately 200 to 400 mm (Cabrera 1976), and
plants generally show adaptations to extreme dry conditions,
cold, and wind. In these areas, aridity and seasonality are
greater than those in the geographical range where the
urbaniana lineage lives.

The remaining Andean group, the yungas lineage, included
specimens with similar morphology to P. urbaniana, but
growing in the humid slopes along the transition zone between
the Yungas and the Central Andean Puna at Salta Province
(ca. 25°S lat). Members of this group also inhabit high eleva-
tion areas (3200-3700 m); however, unlike the urbaniana lin-
eage, they live in areas with greater temperature and
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northern lateralis @ southern lateralis @ mendocina C yungas

precipitation (annual mean precipitations between 700 and
900 mm). Highlands of the Southern Andean Yungas essen-
tially form a mesic habitat between two much drier regions,
the dry Chaco to the east, and the higher Central Puna to the
west (Olson et al. 2001). Climate is wet and humid due to both
rain and mountain fogs, with precipitations exceeding 2500
mm/year (Cabrera 1976). Nonetheless, ecological transition
zones harbor a higher number of species as a result of a mix-
ture between floras of different ecoregions (Gaston et al.
2001). Specifically, the transition zone between the Central
Andean Puna-Southern Andean Yungas ecoregions, where
plants of the yungas lineage inhabit, exhibits a high number

Fig. 8 Results from the species distribution modeling (SDM) for P>
delimited lineages of South American Physaria. Predicted suitable cli-
matic conditions (logistic output) from the MaxEnt model for the present
time and Last Glacial Maximum (LGM) (~ 21 kya) for each delimited
lineage. Binary (presence/absence) distributions maps obtained from
these predictions using the maximum training sensitivity plus specificity
as threshold are shown in Figs. S8 and S9 of supplementary material
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of endemic species (Godoy-Biirki et al. 2014). Since results
from molecular data showed that this group is related to the
mendocina but not the urbaniana lineage, possible indepen-
dent colonization of this habitat from the lowlands of central
Argentina is a likely scenario. Furthermore, the high asymme-
try recovered both for the geographical range and for the niche
breadth between the yungas-mendoncina lineage pair could
suggest a pattern of peripatric speciation (Mayr 1954;
Barraclough and Vogler 2000; Losos and Glor 2003). In the
peripatric model of speciation, a small population colonizes a
novel habitat and becomes reproductively isolated from the
larger-ranged species (the mendocina lineage in our case).
Isolation was initially thought to be driven by extreme founder
effects and subsequent genetic drift (Mayr 1954, 1982); how-
ever, in heterogeneous landscapes, as the transition zone
“Central Puna-Yungas-Chaco,” habitat-mediated reproduc-
tive isolation and strong divergent selection between immi-
grants can reduce gene flow and facilitate speciation, occupy-
ing the newly formed small-ranged species (the yungas line-
age in our case) a distinct realized niche when compared to
their large-ranged sister (Barton and Charlesworth 1984;
Coyne 1992; Baldwin 2005; Grossenbacher et al. 2014).

Of the three groups inhabiting lowland regions outside the
Andes, both northern and southern lateralis lineages include
specimens of P. lateralis. The northern group, which includes
the type locality of the species, is endemic to the
Comechingones biogeographical province. This biogeograph-
ical province includes moderate-altitude grasslands located in
the Dry Chaco ecoregion, but presenting high number of en-
demics to deserve its own biogeographical categorization
(Martinez et al. 2017). The Southern group includes speci-
mens of P. lateralis from the Low Monte ecoregion in the
Mendoza province. The Low Monte ecoregion is a
temperate-warm scrub desert that extends primarily between
the Puna, Patagonia, and Dry Chaco ecoregions. The climate
is temperate-arid with very low rainfall (between 80 and 250
mm/year) and annual mean temperature between 13 and 15 °C
(Cabrera and Willink 1973). These two lincages were closely
related in the molecular analyses, and some delimitation ap-
proaches (especially under a conservative scenario assuming
large population sizes) suggested that they may represent pop-
ulations of the same species. This result is also reinforced by
the sympatric distribution of both lineages obtained in the
SDM analysis for the Last Glacial Maximum (LGM).
However, both lineages currently present an allopatric distri-
bution, inhabit different ecoregions and biomes (tropical and
subtropical grasslands for the northern group, and temperate
grasslands for the southern group), and their ecological niches
proved to be significantly divergent. The Monte greatest flo-
ristic similarity is to its neighbor, the Chaco biogeographical
province, with which it shares 60% ofits species (Solbrig et al.
1977). Nevertheless, the Monte is a well-defined biogeo-
graphical and ecological area, with at least 30% of its biota
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endemic and exhibiting greater aridity than the Chaco (Roig
et al. 2009). Specimens of the southern group proved to grow
in substantially colder and drier areas than those of the north-
ern group. Then, these two populations/metapopulations, with
their own genetic structure and ecological divergence, could
be evolving under divergent climatic adaptive optima. Finally,
the mendocina lineage includes specimens from P. mendocina
from lowlands mainly of the Dry Chaco and Low Monte
ecoregions, and secondary also of the Espinal and Pampas
ecoregions in eastern Argentina. In the Dry Chaco ecoregion,
climate is arid, with an annual rainfall of 350—-650 mm, but
also considerably warmer than in the Andean ecoregions, with
an average temperature of 12-28 °C (Cabrera and Willink
1973). Similarly, the Espinal ecoregion is located in lowlands
of central Argentina, and in its southern portion, where the
range of P. mendocina is extended, the climate is temperate
to dry (Cabrera 1976). This lineage presented the greatest
geographic range, including both the temperate and the
tropical-subtropical grasslands biomes; and although it did
not present significant differences along the precipitation axis,
its niche shows the highest temperatures of all South
American Physaria lineages.

The climatic niche, defined as the set of environmental con-
ditions associated with the occurrence of a given species
(Grinnellian niche; Hutchinson 1957; Soberén 2007), and
resulting from the cumulative effects of the physiological toler-
ance in response to climate (Ackerly 2003), has long been a
central concept in ecology. Uncovering how climate niche di-
mensions vary among closely related species across the geo-
graphic space can help us to understand the processes that un-
derlie lineage divergence and species diversification (Niirk et al.
2015, 2018; Kolanowska et al. 2017; Jezkova and Wiens
2018). Results obtained in this study show that the niche diver-
gence is the dominant pattern throughout the diversification of
South American Physaria. Most niche comparison resulted in
niche differentiation for the equivalence test and niche diver-
gence for the similarity test. Significant resemblance was ob-
tained in the similarity test only for non-closely related lineages
such as the pairs northern lateralis-mendocina and urbaniana-
yungas. These results reinforce the differentiation of ecoregions
and biomes presented by the lineages, also reflected in the gen-
eral allopatric pattern obtained for the groups, in which only
sympatric and parapatric distributions were registered for the
non-closely related lateralis-mendocina and urbaniana-yungas.
Cold to temperate climates characterized the crassistigma,
urbaniana, southern lateralis, and yungas lineages, while north-
em lateralis and mendocina linecages were defined by warm
climates. Alternatively, niches of crassistigma and southern
lateralis lineages were the most arid of the group, while the
yungas and northern lateralis lineages are the ones with the
highest precipitation.

Divergence of the climatic niche is also represented by the
wide niche breadth exhibited by the group as a whole.
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Although most of the cruciferous species present in the south-
ern cone of South America are associated with the central and
southern Andes (Al-Shehbaz 2008, 2012b), the environmental
space occupied by the South American Physaria includes
both high mountain environments, such as the Puna, the
Yungas, and the Cuyan highlands in the Southern Andes,
but also warm lowlands from central and eastern Argentina
represented mainly by the Monte desert and the Dry Chaco
regions. Brassicaceae taxa distributed in these latter regions
are much less frequent and are represented mainly by species
of Lepidium (Tribe Lepidieae), Rorippa and Cardamine
(Cardamineae), and some species of Descurainia
(Descuraineae), Exhalimolobos (Halimolobeae), and
Mostacillastrum (Thelypodieae) (Al-Shehbaz 2012b).
Previous studies on genera of tribes Cremolobeae
(Salariato and Zuloaga 2017, 2020) and Eudemeae
(Salariato et al. 2015, 2018), which are endemic to South
America and largely associated with the Andes, reported the
phylogenetic-niche conservatism as the predominant pattern
through their diversification. Contrasting with these groups,
within South American Physaria, niche divergence is present
between highland and lowland habitats, through changes pri-
marily in the gradient of temperature, represented in our study
mainly by the cold-temperate habitats of Andean lineages vs.
the warm environments of lineages distributed along central-
eastern Argentina. Regarding precipitation, while the group
presented a common adaptation to arid environments, the
most significant shift along this niche dimension was exhibit-
ed by the northern lateralis and yungas lineages, growing on
mesic habitats. Under ecological speciation, reproductive iso-
lation between two populations evolves by divergent ecolog-
ically based selection (Rundle and Nosil 2005; Schluter 2009;
Nosil 2012). Thus, divergent selection acting on the climatic
niche (mainly on temperature and secondarily on precipita-
tion) seems to be one of the factors associated with the diver-
sification of the group, promoting, together with the dispersal
capabilities, the colonization of both Andean environments as
the Puna or the Yungas, and warm-dry grasslands and
shrublands of central-eastern Argentina as the Monte and the
Dry Chaco.

An additional factor that could play an important role in the
diversification of South American Physaria is the occurrence
of hybridization and polyploid speciation. This mechanism of
speciation has been reported as particularly common in plants,
since polyploids frequently exhibit ecological differentiation,
local dispersal, high fecundity, perennial life history, and self-
fertilization (Mallet 2007; Rieseberg and Willis 2007). In this
way, new hybrids can colonize unfilled ecological niches or
adaptative peaks, reducing the gene flow with their parent
species (Mallet 2007), being this phenomenon widespread in
many genera of Brassicaceae (see Marhold and Lihova 2006;
Koch and Grosser 2017; Marhold et al. 2018; Mandakova
et al. 2019). Additionally, Mandakova et al. (2017) reported
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an ancestral mesopolyploid whole-genome duplication
(WGD) event (specifically a mesohexaploid WGDs) followed
by subsequent genome diploidization for Physaria. Variable
chromosome numbers (n =4, 5, 6, 7, 8, 9, 10, 12 and higher
counts; Warwick and Al-Shehbaz 2006) have been reported
for North American Physaria, but polyploidy in South
American species is unknown and no chromosome numbers
were reported for these species. Future studies using for ex-
ample sequences from low-copy nuclear genes, genomic in
situ hybridization (GISH), and comparative chromosome
painting (CCP) (Koch 2015; Mandéakova et al. 2019) are need-
ed to analyze the role of these processes through the diversi-
fication of the South American lineage.

South American terrestrial ecosystems experienced drastic
transformations in the Cenozoic, during which events oc-
curred in the Neogene, and later by the Pleistocene, had enor-
mous effects on the diversification of the local biodiversity
(Hoorn et al. 2010; Antonelli and Sanmartin 2011; Rull
2011; Hazzi et al. 2018). The Neogene presented strong cli-
matic, tectonic, and geographical changes, mainly related to
events such as the middle Miocene climatic optimum (Zachos
et al. 2001), the uplift of the Andes (Jordan et al. 2001,
Blisniuk et al. 2005; Graham 2009; Encinas et al. 2013:
Gregory-Wodzicki 2000; Graham et al. 2001; Garzione et al.
2008; Leier et al. 2013), marine ingressions into the continent
(Del Rio et al. 2013; Uba et al. 2009), and changes in the
Amazonian drainage system (Hoorn et al. 2010). In particular,
Andean Mountain uplift caused a decrease in the precipitation
of the western regions of Southern South America as the
Central Andean Puna and the High Monte ecoregions, gener-
ating semi-arid and arid conditions that, together with inter
Andean valleys isolated from each other, promote diversifica-
tion in numerous plant lineages (Young et al. 2002; Antonelli
et al. 2009; Roig et al. 2009; Luebert and Weigend 2014). On
the other hand, the Pleistocene also presented significant en-
vironmental alterations due to climatic oscillations (Zachos
et al. 2001), glacial-interglacial cycles (Rabassa 2008; Rutter
et al. 2012), and changes in the sea level and the seashores
(Ponce et al. 2011; Rabassa and Ponce 2013).

Glaciations in South America began in the Southern Andes
in the late Miocene—early Pliocene (approx. 7-4.4 Mya),
followed by successive expansion/retraction events (Rutter
et al. 2012). During the Late Pliocene (~ 3.5-2.79 Mya),
extra-Andean ice sheets formed in Patagonia, with the major
expansions of the ice from the Andes, the Great Patagonian
Glaciation (GPG), during the Pleistocene (~ 1.5-1 Mya)
(Rabassa 2008; Rabassa et al. 2011; Rutter et al. 2012).
Evidence of early Pleistocene ice sheet expansions (approx.
2.6 Ma) has also been recovered in the central Andes of
Bolivia (Rutter et al. 2012). Finally, the Last Glacial
Maximum (LGM) in the South America ranges from ~ 48 to
25 Kya (Rabassa 2008; Rutter et al. 2012), with the ice sheets
reaching their maximum near 26.5 Kya, and deglaciation
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starting ~19 Kya (Clark et al. 2009), initiating the current
interglacial period about 11.7 Kya. During the LGM, precip-
itation decreased due to lower temperatures and lower atmo-
spheric humidity (Ortiz-Jaureguizar and Cladera 2006).
Icefields in the Southern Andes were most expansive when
global temperature and sea level were lowest. Furthermore,
South American rivers were affected primarily by changes in
climate and global sea level. Low-gradient river networks be-
came reduced and incised as global sea level fell during the
LGM. Reduction of water-tables also impacted the forest cov-
er, enhancing the drying influence of the lower sea surface
temperature and atmospheric humidity (Clapperton 1993).
This increasing aridity fragmented and reduced the extent of
forest and grassland. Under these conditions, Central Andean
Puna became a cold montane grassland and scrub with gla-
ciers and ice caps, the Monte ecoregion turned into a sand
desert, and the Dry Chaco became a xeric shrubland
(Clapperton 1993), the latter region being particularly climat-
ically unstable and a more extensive area during the
Pleistocene glacial/interglacial periods compared to the pres-
ent time (Ab’Saber 2000; Pennington et al. 2004). Although to
date there are no estimates of divergence times for South
American Physaria, Huang et al. (2020) in their study on
diversification rates of Brassicaceae reported a crown node
age for Physaria mainly on the early-mid Pliocene (~4.7
Mya). These estimations suggest that diversification of the
South American group could be associated to Late Pliocene—
Quaternary glaciations and the successive glacial expansions
and retreats. These Quaternary events have been identified as
important driving forces in the evolution of the southern/
central Andean lineages promoting aridification and geo-
graphical range fragmentation (Luebert and Weigend 2014).
Alternatively, results from geographical-range overlap
among the South American Physaria favored an allopatric
pattern for lineage divergence. The presence of allopatric
ranges between young sister lineages (mendocina-yungas
and northern-southern lateralis lineages) seems to support
the predominance of diversification with dispersion and sub-
stantial geographical isolation. However, since species ranges
can expand, contract, and change considerably through time
(Losos and Glor 2003; Peterson and Lieberman 2012), the
current geographical range of a species is not necessarily an
indicator of its historical distribution. Allopatric conditions
were also largely recovered with the LGM projections, with
the exception of the northern-southern lateralis group, for
which a sympatric range was retrieved. These results seem
to suggest that the LGM and the subsequent warming and
retraction of ice sheets in the current interglacial period have
been major factors in shaping the present-day genetic and
geographical differentiation only for the lateralis lineage.
Thus, although glaciation cycles might have been important
in the diversification and differentiation of lineages, data show
a minor role of the Last Glacial Maximum in the
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diversification of the whole South American group, in
accordance with Collevatti et al. (2020) that LGM have had
a more local and regional effect on the differentiation among
populations and patterns of genetic diversity. In particular for
the lateralis lineage, the increase of geographic overlap be-
tween the northern and southern lineages at the LGM is ex-
plained by the greater geographic range of the southern group,
which is in line with reports that during dry periods, the Monte
was larger than it is today and included current areas of the
Chaco (Mares et al. 1985). Hence, these results could suggest
a recent vicariant isolation between the northern and southern
lateralis lineages due to the climatic change in the warming of
the last 21Kky.

Along with the six species that comprise the South
American lineage, Physaria includes about 105 species, most
of these perennial herbs with caudice (rarely annual or biennial
species), which are distributed mainly in western USA and
northern Mexico, with a few species growing in Canada, and
one species in northwestern Russia (Rollins 1939; Al-Shehbaz
and O’Kane 2002). This high species diversity seems to be the
product of a rapid and recent diversification, and Physaria is
one of the 12 cruciferous taxa in which shifts in the speciation
rates were detected (Huang et al. 2020). Based in the monophy-
ly of the South American Physaria and the highest number of
North American species (ca. 99 spp., more than 80%), it seems
likely that the colonization of South America occurred by mi-
gration of a common North American ancestor. However, how
much niches among South and North American groups differ,
and if the colonization of South America implied a significant
change in the fundamental niche of the genus, is still a question
to be studied. Climatic-niche estimations for North American
species, together with molecular phylogenies including all
members of the genus, should be used to define potential diver-
gence or PNC patterns throughout its diversification, as well as
changes in the niche position and niche breadth, tempo and
mode of climatic-niche evolution (rate shifts and evolutionary
models), and potential morphological/functional factors associ-
ated to these changes.

In this work, we used species delimitation methods and the
general lineage concept of species to identify independent
evolving lineages (i.e., evolutionary significant units), which
can be used as study units to identify evolutionary patterns and
processes, but which can also be used for other ecological
studies and conservation initiatives. Our results suggest that,
rather than the phylogenetic-niche conservatism, which is the
most common pattern among South American crucifers,
climatic-niche divergence appears to have been a major factor
promoting diversification of the South America Physaria.
Divergence was registered mainly on the temperature axis,
promoting shifts between cold-temperate habitats associated
to the Andes, and warm lowlands from central and eastern
Argentina as the Monte and Dry Chaco ecoregions.
However, although the group is mostly adapted to arid
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climate, secondary changes in the rainfall axis were also re-
covered. Allopatry and dispersal capabilities also seem to be
associated with the diversification of the group, presumably
through the Late Pliocene-Pleistocene and promoted by gla-
cial cycles and climatic oscillations during the Quaternary.
Our study contributes to understand the evolutionary history
of South American Physaria in particular, and the southern
and central Andean Brassicaceae in general. New analyses
including all members of the genus will help to clarify the role
of ecological-niche evolution on its diversification.
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Appendix 1

Taxa and GenBank accession numbers for the ITS, trnH-psbA
, trnl-F, trnG intron, and #nS-trnG sequences used in the
molecular analyses.

Physaria fendleri (A. Gray) O'Kane & Al-Shehbaz
(outgroup) (AF055198, -, AF055266, -). Physaria
crassistigma O'Kane & Al-Shehbaz. ARGENTINA.
Mendoza. Las Heras: Above Villavicencio on road to

l GfBS

Paramillo de Uspallata, roadside, open areas among shrubs,
ca. 44 km before Uspallata, Al-Shehbaz et al. 808 (SI) (CRA6)
(MW366047, MW366135, MW366090, MW366180,
MW366223). Lujan de Cuyo: Centro de Ski Vallecitos, ladera
derecha de cerros subiendo por la pista de ski, Salariato et al.
252 (SI) (CRA3) (MW366023, MW366110, MW366068,
MW366157, MW366201). Tunuyan: RP94, Camino al
Portillo Argentino, 0.5 km de las Llaretas desde el puesto de
gendarmeria hacia el portillo, Salariato et al. 207 (SI) (CRA1)
(MW366021, MW366108, MW366066, MW366155,
MW366199); camino del Portillo Argentino, desde Las
Llaretas hacia el hotel abandonado, ca. 3 km del desvio a
Valle de Manantiales, Salariato et al. 233 (SI) (CRA2)
(MW366022, MW366109, MW366067, MW366156,
MW366200); Ruta Provincial 94 de Manzano Historico a
Portillo Argentino, Zuloaga et al. 5292 (SI) (CRAS)
(MW366040, MW366128, MW366083, MW366173,
MW366216). Tupungato: Ruta provincial n® 94: entre Los
Manantiales y Real de Piedras Coloradas, Cocucci & Sérsic
2253 (CORD, SI) (CRA4) (MW366037, MW366125,
MW366080, MW366170, MW366214). Physaria lateralis
O'Kane & Al-Shehbaz. ARGENTINA. Mendoza. Las
Heras: Ruta Provincial 13, alrededor de Monolito, Giussani
et al. 602 (SI) (LAT8) (MW366048, MW366137,
MW366092, MW366182, MW366225). Malargiie: Base del
Cerro Nevado por Ruta Prov. 180, Prina et al. 2630 (SI)
(LAT6) (MW366038, MW366126, MW366081,
MW366171, -). San Carlos: Refugio militar Gral. Alvarado,
entrada a la Reserva Laguna del Diamante, Al-Shehbaz et al.
813 (SI) (LAT10) (MW366050, MW366139, -, MW366184,
MW366226). San Rafael: Cerro Nevado, Prina, et al. 2917
(SRFA, SI) (LAT5) MW366036, MW366124, MW366079,
MW366169, -); de Termas del Sosneado a Laguna EI
Sosneado, Zuloaga et al. 12408 (SI) (LAT9) (MW366049,
MW366138, MW366093, MW366183, -); Ruta Nacional
144, cuesta de los Terneros hacia 25 de Mayo, Zuloaga
et al. 15277 (SI) (LAT11) (MW366042, MW366130,
MW366085, MW366175, MW366218). San Luis. Coronel
Pringles: Ruta Provincial 9, entre Trapiche y La Carolina,
Aagensen 26 (SI) (LAT1) (MW366015, MW366102,
MW366060, MW366149, MW366193); Ruta provincial 9,
Monumento y Museo Lafinur, pasando La Carolina,
Biganzoli 2034 (SI) (LAT7) (MW366039, MW366127,
MW366082, MW366172, MW366215); Alrededores de la
Gruta de Intihuasi, Cerana 1266 (CORD) (LAT4)
(MW366033, MW366121, MW366076, MW366166,
MW366211); Camino a San Francisco 10-15 km de La
Carolina, Cerana 1330 (CORD) (LAT3) (MW366028,
MW366115, -, -, -); Canada Honda, Cerana 1360 (CORD)
(LAT2) (MW366027, MW366114, -, MW366161,
MW366205). Physaria mendocina (Phil.) O'Kane & Al-
Shehbaz. ARGENTINA. Cordoba. Calamuchita: San
Agustin (Cerro La Cruz), Cantero 6107 (CORD) (MEN4)
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(MW366020, MW366107, MW366065, MW366154,
MW366198). Colon: Candonga, Cantero 5897 (CORD)
(MEN8) (MW366029, MW366116, MW366072,
MW366162, MW366206). Punilla: Quilpo (Canteras),
Cantero 5928 (CORD) (MEN7) (MW366026, MW366113,
MW366071, MW366160, MW366204); Valle Hermoso,
Cantero 6039 (CORD) (MEN6) (MW366025, MW366112,
MW366070, MW366159, MW366203). Rio Cuarto: Alta
Gracia, Cantero 5834 (CORD) (MEN9) (MW366030,
MW366117, MW366073, MW366163, MW366207);
Achiras (Monte Guazua), Cantero 6291 (CORD) (MEN3)
(MW366019, MW366106, MW366064, MW366153,
MW366197); Cuchi Yaco (Cerca Salsacate), Cantero 5656
(CORD) (MEN10) MW366031, MW366118, MW366074,
MW366164, MW366208); El Saucesito, Cantero 5565
(CORD) (MEN11) MW366032, MW366119, MW366075,
MW366165, MW366209); Iguazu, Cantero 5550 (CORD)
(MEN2) (MW366018, MW366105, MW366063,
MW366152, MW366196); Mesa de la Argentina, Cantero
5636 (CORD) (MEN5) (MW366024, MW366111,
MW366069, MW366158, MW366202). La Pampa. Lihué
Calel: Parque Nacional Lihue Calel, camino interior hacia
cerros mas bajos y pinturas rupestres, Zuloaga & Salariato
16073 (SI) (MEN1) MW366016, MW366103, MW366061,
MW366150, MW366194). Mendoza. Las Heras: de laRN 14
hacia los Berros, RN 153, Zuloaga et al. 15741 (SI) (MEN14)
(-, MW366136, MW366091, MW366181, MW366224).
Tunuyéan: Manzano Historico, Deginani et al. 2173 (SI)
(MEN16) (MW366043, MW366131, MW366086,
MW366176, MW366219). Tupungato: Bajando del Cerro
Cristo Rey, Deginani et al. 2295 (SI) (MEN15)
(MW366052, MW366141, MW366095, MW366186,
MW366228). Rio Negro. Valcheta: En km 50, cerros
basalticos, Kiesling 9923 (SI) (MEN13) (MW366035,
MW366123, MW366078, MW366168, MW366213). San
Juan. Angaco: Pie de Palo, Kiesling et al. 9384 (SI)
(MEN12) (MW366034, MW366122, MW366077,
MW366167, MW366212). Physaria okanensis Al-Shehbaz
& Prina. ARGENTINA. Catamarca. Ambato: al norte de
cumbres de cerro el manchao, Halloy 809 (LIL) (OKA2) (-,
MW366120, -, -, MW366210); subiendo hacia el manchao
desde el rodeo, en el sitio Falda del Momo, Cantero et al.
7254 (CORD) (OKA1l) (MW366017, MW366104,
MW366062, MW366151, MW366195). Physaria pygmaea
O'Kane & Al-Shehbaz. ARGENTINA. Catamarca.
Andalgala: Capillitas, alrededores del globo meteoroldgico,
Acosta & von Mering 624 (SI) (PYG1l) (MW366055,
MW366144, MW366098, MW366189, MW366231); cerca
de Mina Capillitas. subida al globo meteorologico, Salomon
et al. 234 (SI) (PYG3) (MW366044, MW366132,
MW366087, MW366177, MW366220). Jujuy.
Humahuaca: Mina Aguilar, Espinazo del Diablo, Zuloaga
et al. 13572 (SI) (PYG4) (MW366046, MW366134,
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MW366089, MW366179, MW366222). La Rioja.
Famatina: Pampa de Tamberia, Barboza et al. 3359 (CORD)
(PYG2) (MW366058, MW366147, -, MW366191,
MW366234). Physaria urbaniana (Muschl.) O'Kane & Al-
Shehbaz. ARGENTINA. La Rioja. Famatina: Entre la
bifurcacion hacia Tres Piedras y Los Tambitos, Barboza
et al. 2875 (CORD) (URB4) (MW366057, MW366146,
MW366100, MW366190, MW366233); Pampa de Achavil,
pasando el Rio Achavil rumbo a Tres Piedras, en la pampa del
"Ajenjo", Barboza et al. 2854 (CORD) (URB3) (MW366056,
MW366145, MW366099, -, MW366232). Salta. Cachi:
Cuesta de obispo, 200 mts pasando piedra del Molino,
Zuloaga et al. 12956 (SI) (URB6) (MW366041,
MW366129, MW366084, MW366174, MW366217).
Cachi: Parque Nacional Los Cardones, pasando el Cerro
Negro o Malacanta. en curso de agua, Zanotti et al. 787 (S])
(URB2) (MW366053, MW366142, MW366096,
MW366187, MW366229); RP 33, Cuesta del Obispo,
Zanotti et al. 800 (SI) (URB1) (MW366051, MW366140,
MW366094, MW366185, MW366227); RP 33, Cuesta del
Obispo, Piedra del Molino, Acosta & von Mering 607 (SI)
(URB7) (MW366054, MW366143, MW366097,
MW366188, MW366230). Tucuman. Tafi: RP 307, Abra el
Infiernillo, Zanotti et al. 860 (SI) (URB8) (MW366045,
MW366133, MW366088, MW366178, MW366221).
BOLIVIA. Tarija. Yunchara: al S. de Copacabana, Beck
et al. 23756 (LPB) (URBS) (MW366059, MW366148,
MW366101, MW366192, MW366235).
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