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Abstract
Premise: Astragalus (Fabaceae), with more than 3000 species, represents a globally
successful radiation of morphologically highly similar species predominant across the
northern hemisphere. It has attracted attention from systematists and biogeographers, who
have asked what factors might be behind the extraordinary diversity of this important arid‐
adapted clade and what sets it apart from close relatives with far less species richness.
Methods: Here, for the first time using extensive phylogenetic sampling, we asked whether
(1) Astragalus is uniquely characterized by bursts of radiation or whether diversification
instead is uniform and no different from closely related taxa. Then we tested whether the
species diversity of Astragalus is attributable specifically to its predilection for (2) cold and
arid habitats, (3) particular soils, or to (4) chromosome evolution. Finally, we tested (5)
whether Astragalus originated in central Asia as proposed and (6) whether niche
evolutionary shifts were subsequently associated with the colonization of other continents.
Results: Our results point to the importance of heterogeneity in the diversification of
Astragalus, with upshifts associated with the earliest divergences but not strongly tied
to any abiotic factor or biogeographic regionalization tested here. The only potential
correlate with diversification we identified was chromosome number. Biogeographic
shifts have a strong association with the abiotic environment and highlight the
importance of central Asia as a biogeographic gateway.
Conclusions: Our investigation shows the importance of phylogenetic and
evolutionary studies of logistically challenging “mega‐radiations.” Our findings reject
any simple key innovation behind high diversity and underline the often nuanced,
multifactorial processes leading to species‐rich clades.
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Astragalus (milk‐vetch or locoweed; Fabaceae: Papilionoideae;
Azani et al., 2017a), with ~3100 species (Maassoumi, 2020;
POWO, 2023), is currently the largest clade in land plants
treated at the generic rank. While mega‐genera arise primarily
as historical artifacts from taxonomic revision (Frodin, 2004)
and are not directly comparable to less species‐rich genera
(Hennig, 1966; Sanderson and Wojciechowski, 1996), they are
clearly related to morphological evolution and often arise from

or persist due to a paucity of easily recognizable morphological
variation that would delimit more manageable units, ulti-
mately adding to the logistical challenge of their study. Aside
from species number, the Astragalus clade is remarkable as a
major nodulating‐legume radiation in temperate arid
areas, particularly central Asia and western North America,
where it is one of the most ecologically important legumes.
Astragalus species, relatively uniform in terms of morphology
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(primarily herbaceous perennials) and niche biology (primarily
occurring in arid and semi‐arid areas), are morphologically
highly similar to other members of the Astragalean clade (e.g.,
Oxytropis, Colutea), offering no clear adaptive explanation as
to their extraordinary diversity and ecological importance.

The ecological dominance, species richness, and narrow
endemism of Astragalus in many semi‐arid areas of the
northern hemisphere and a smaller disjunct portion of the
southern hemisphere have attracted the attention of biogeo-
graphers and ecologists (Scherson et al., 2008; Samad et al., 2014;
Hardion et al., 2016; Amini et al., 2019; Azani et al., 2019;
Záveská et al., 2019; Plenk et al., 2020; Li et al., 2021; Wang
et al., 2021; Maassoumi and Ashouri, 2022). Perhaps the major
biogeographic finding of molecular phylogenetic studies in
Astragalus, suspected previously based on chromosome counts
(Ledingham, 1960; Barneby, 1964), is the recovery of a clade
comprising nearly all North American Astragalus, informally
termed the Neo‐Astragalus clade (Wojciechowski
et al., 1993, 1999), which renders species in the eastern
hemisphere a paraphyletic group. The Neo‐Astragalus clade is
distinguished by chromosomal processes. Polyploidy, probably
often allopolyploidy (Bartha et al., 2013; Záveská et al., 2019;
Plenk et al., 2020; Bagheri et al., 2022), is thought to be the
dominant chromosomal process in eastern hemisphere species
(Lewis et al., 2005), where counts of n= 8, 16, and 24
(interpreted as euploid) predominate. By contrast, aneuploidy
prevails in the Neo‐Astragalus clade (Wojciechowski et al.,
1993, 1999), with the aneuploid series n= 11–15 (Spellenberg,
1976) forming a “nearly perfect correlation” with biogeography
according to Wojciechowski et al. (1999, p. 426).

Rapid chromosomal evolution, in the form of long
aneuploid series seen in some plant groups, has been
associated with responses to environmental stress (De
Storme and Mason, 2014; Ackerfield et al., 2020) and has
been interpreted as promoting recombination in the face of
ecological change more generally (Levin, 1975; Grant, 1981).
While the Neo‐Astragalus clade is not clearly morphologi-
cally delimited (Wojciechowski et al., 1993), the strong
biogeographic and chromosomal pattern is in line with
niche biology. Barneby (1964) observed that, by contrast
with the dominance of Eurasian Astragalus in the highlands,
most North American species, believed by Barneby to have
developed in situ, seem to specialize in dry, lowland
environments. The genus is also associated with poor soils,
for which its nodulating ability (Afkhami et al., 2018; Kates
et al., 2022 [preprint]) would serve as a key adaptation.
Edaphic specialization is thought to be a major force in
plant biogeography (Raven, 1964; Axelrod, 1972; Lichter‐
Marck and Baldwin, 2023), and while few large‐scale
investigations of edaphic ecology have been done for
nodulating legumes (Tamme et al., 2021; Doby et al., 2022;
Siniscalchi et al., 2022), soil environments control the
distribution of root nodule symbiosis by limiting the
availability of both plant and especially bacterial partners
and affecting partner choice (Sprent et al., 2017; Dludlu
et al., 2018; Rathi et al., 2018; Ardley and Sprent, 2021).
Differing availability of symbiotic partners at the regional

scale is thought to be a major factor limiting the dispersal
process in nodulating plants (Parker et al., 2006; Simonsen
et al., 2017). Therefore, it appears that a continental shift to
the Americas, likely before the radiation of today's major
clades, was associated with ecological specialization to
challenging low‐nutrient soils and harsh climatic condi-
tions, along with more rapid chromosomal evolution.

Finally, related to questions of biogeography and
chromosomal change are diversification mechanisms in
Astragalus. Given its high species richness, the traditional
explanation was that Astragalus experienced particularly
high diversification rates (Barneby, 1964; Polhill, 1981;
Lewis et al., 2005), and the genus was among the earliest in
plants where explicit rates of diversification were calculated
from molecular phylogenetic data (Sanderson and
Wojciechowski, 1996). Remarkably, the primary finding of
Sanderson and Wojciechowski was that Astragalus is not
characterized by extraordinary rates of diversification, but
instead shares uniform, relatively high rates of diversifica-
tion with other members of the broader “Astragalean” clade
(tribe Galageae pro parte; Lewis et al., 2005; see also Azani
et al., 2017a; Choi et al., 2022), a group distinctive in its
ecology but lacking any clear morphological innovations
that might relate to diversification. Use of more recent
probabilistic methods to estimate diversification in Astraga-
lus have focused on recently diverged subclades (Azani
et al., 2019, using BAMM [Rabosky, 2014]) or on crown
dates of diversification events using time calibration
(Hardion et al., 2016; Bagheri et al., 2017). A reevaluation
of the uniform diversification hypothesis of Sanderson and
Wojciechowski (1996) is warranted with more complete
sampling and robust phylogenetic trees enabling the
investigation of diversification rates both within and
between genera, as well as innovative diversification
methods that more fully use the branch length information
from molecular phylogenetics beyond species count data.

Both intrinsic and extrinsic factors that shape diversity
in Astragalus have been posited, but empirical work has
been piecemeal. Areas of species richness and endemism
have recently been reported for Eurasian Astragalus
(Maassoumi and Ashouri, 2022), and Astragalus has also
been the subject of biogeographic and diversification
analyses, particularly in specific subclades (Sanderson and
Wojciechowski, 1996; Scherson et al., 2008; Azani et al., 2019;
Su et al., 2021). A needed next step is to test, across the
entire clade, the associations of biogeographic processes
such as lineage dispersal with chromosome evolution and
shifts in niche occupancy.

Here, we used a combination of comparative methods
and spatial phylogenetics to dissect the drivers of diversity
in Astragalus. We tested six main hypotheses: We first tested
whether (1) the high species diversity of Astragalus is due to
uniform, relatively high rates of diversification (cf.
Sanderson and Wojciechowski, 1996) and not to bursts of
diversification within the genus. We then tested whether (2)
Astragalus diversification is primarily associated with cold
and arid habitats or with (3) shifts in soil type and
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chromosome number (4). Finally, we tested whether (5)
shifts in habitat are associated with shifts between
biogeographic regions and (6) whether Astragalus origi-
nated in West Asia with direct connections to other realms
from this ancestral region.

MATERIALS AND METHODS

Taxon sampling

The taxa sampled are part of the NitFix sequencing
initiative (https://nitfix.org/; Kates et al., 2022 [pre-
print]), with DNA sequence data reanalyzed for the
purpose of this study. DNA was sampled from herbar-
ium specimens using a sample management protocol
reported previously (Folk et al., 2021a). In total, 939 taxa
were included, with 847 in the ingroup. Outgroup
sampling was extensive across the Astragalean clade
sensu Lewis et al. (2005) to yield a strong biogeographic
foundation. Representatives of Clianthus, Colutea, Ere-
mosparton, Erophaca, Lessertia, Smirnowa, Sphaerophy-
sa, Sutherlandia, Swainsona, and the Astragalus segre-
gates Biserrula, Podlechiella, and Phyllolobium were
included. Oxytropis, biogeographically similar to Astrag-
alus, was extensively sampled (71 taxa). Samples of the
segregate genera Ophiocarpus and Barnebyella (Lewis
et al., 2005) were not available, but these are almost
certainly better treated as Astragalus (Kazempour
Osaloo et al., 2003). As the most distant outgroup,
Wisteria (sensu Lewis et al. 2005, a member of the
inverted repeat‐lacking clade [IRLC] but outside the
Astragalean clade; Wojciechowski et al., 1999, 2004) was
used to root the trees. Appendix S1 provides accession
information; assignments to clade and sections given the
phylogenetic results (see below) are available in Appen-
dix S2. Sampling statistics for the phylogeny are
reported in the Results.

Molecular methods

DNA was extracted from herbarium specimens according to
a modified CTAB protocol (Doyle and Doyle, 1987)
reported previously (Folk et al., 2021a) and performed at
the University of Florida (Gainesville, FL, USA). Extracts
were then cleaned of remaining secondary compounds with
SPRI beads and submitted for preparation of Illumina
TruSeq libraries, omitting a size selection step to account for
DNA degradation. We used a Hyb‐Seq approach
(Weitemier et al., 2014) targeting 100 low‐copy nuclear
loci, with data generated as part of the NitFix sequencing
initiative (Kates et al., 2022 [preprint]). Library construction
and target capture were performed by Rapid Genomics
(Gainesville, FL, USA). Details concerning the bait set have
been reported previously (Folk et al., 2021a; Kates et al.,
2022 [preprint]).

Phylogenomic assembly

Sequences were assembled using the HybPiper v1.3 pipeline
(Johnson et al., 2016). Given the wide phylogenetic scope of
the probe set used for hybridization, spanning the four
taxonomic orders that comprise the nitrogen‐fixing clade of
angiosperms, target recovery was achieved with the use of
an amino acid reference for each locus, instead of DNA,
with the BLAST option for read mapping. HybPiper flags
loci for which multiple contigs were assembled as potential
paralogs on a per‐species basis, deciding the putative
“ortholog” by assessing sequencing depth and contig length;
default coverage thresholds were used. The hybpiper_stat-
s.py script was used to extract assembly information; given
the low percentage of flagged paralogs (96% of the samples
had 5% or fewer of loci flagged as potentially paralogous;
paralogy flags are summarized in Appendix S3), we did not
employ further paralog resolution methods, instead using
the potential “ortholog” selected by the pipeline. Assembly
success in terms of number of assembled loci is summarized
in Appendix S4. General assembly statistics are available on
the project GitHub (https://github.com/ryanafolk/
astragalus_niche_biogeo/blob/main/tree_quality_control/
qc_astragalus_rename.csv).

Phylogenomic analysis

Individual gene trees were obtained using maximum
likelihood in RAxML v.8.2.11 (Stamatakis, 2014), with 100
bootstraps and using the GTR+G nucleotide substitution
model. Gene trees were then used either as inferred (no
branches collapsed) or applying a branch‐collapsing crite-
rion, requiring bootstrap support <10% per a previous
benchmarking study (Zhang et al., 2017). Using gene trees
either with or without the branch‐collapsing criterion, a
species tree was obtained with the multispecies coalescent
method in ASTRAL‐III (Zhang et al., 2018), with branches
annotated with support values calculated as local posterior
probabilities (LPPs). Because coalescent species trees do not
have terminal branch lengths without population sampling
and internal branches measure branch length partly in
terms of population size, branch lengths were re‐optimized
in RAxML using the option “‐f e” to yield branch lengths in
expected per‐site substitutions. Because this tree was used
for divergence time estimation, which could be biased by
gene‐tree discord (Burbrink and Pyron, 2011), quartet
scores were also calculated both globally and per branch to
identify areas of the tree with high discord. These quartet
scores measure the percentage of gene trees that agree with
the species tree and the branch, respectively.

Two methods were used to date the tree: penalized
likelihood as implemented in treePL (Smith and
O'Meara, 2012) and a relative rate framework (RRF) as
implemented in RelTime (Tamura et al., 2012) on the pre‐
calculated branch lengths. Secondary calibration points
were extracted from the chronogram of Azani et al. (2019),
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consisting of four calibrations: a root constraint (minimum:
32.33 million years ago [Mya], maximum: 44.82 Mya),
Oxytropis crown group (min: 1.3 Mya, max: 6.3 Mya), an
Astragalus crown group (min: 11.47 Mya, max = 16.95
Mya), and an Oxytropis/Astragalus split (min: 11.93 Mya,
max: 20.33 Mya). These secondary calibration points were
implemented as minimum and maximum constraints. The
“prime” option was used to calculate the initial parameters,
and the analysis was conducted with cross‐validation, which
favored a smoothing rate of 100. In RelTime, the constraint
scheme was the same except that (1) the root constraint was
omitted due to the differing treatment of outgroups in
RelTime, and (2) constraints were implemented under a
uniform distribution and default parameters.

Diversification rates

Estimations of diversification rates have been controversial
(Moore et al., 2016; Louca and Pennell, 2020), so we used a
combination of approaches here including both parametric and
semiparametric methods and estimates across timescales
including the present day (cf. Louca and Pennell, 2020). To
obtain semiparametric estimates of speciation rate (cf. Title and
Rabosky, 2019) across Astragalus species, we used tip speciation
rates according to the DR statistic of Jetz et al. (2012), calculated
using the function of Sun et al. (2020b). To estimate shifts in
diversification rate regimes, we used BAMM v. 2.5.0
(Rabosky, 2014). Priors followed recommendations from the
R package BAMMtools, with additional settings as follows:
expected shifts = 1 per documentation, segLength (likelihood
grain) = 0.02, minimum clade size for shifts = 2 (i.e., shifts
constrained to internal branches). Incomplete sampling was
accounted for using the taxonomic data from the website
Astragalus of World (Maassoumi, 2020). Because clade
membership of unsequenced taxa is not certain (see Results),
we assigned different sampling probabilities for Neo‐Astragalus
(0.4472) and the Eurasian clades (0.2041), as this was the lowest
phylogenetic level at which applying taxonomic species count
data for previously unsequenced species was feasible. Because
outgroup sampling practices violate sampling assumptions of
many birth–death models (Stadler, 2009; Spasojevic et al., 2021)
and models that can incorporate imbalanced sampling still have
poor performance under sparse sampling of higher‐level taxa
(Sun et al., 2020a), diversification estimation was limited to the
ingroup, the Astragalus s.s. Markov chain Monte Carlo
(MCMC) was run in four chains for 64.4 million generations
(stopped based on ESS > 400 and strong convergence), δT=
0.01, swap period = 1000 generations, and sampling every
100,000th generation; further parameters followed BAMM
documentation (http://bamm-project.org/).

Assembly of locality data

We assembled a data set of georeferenced occurrence
records for species of Astragalus by first downloading all

occurrence records in Fabales from the online biodiversity
discovery platforms iDigBio (iDigBio.org, 2020) and the
Global Biodiversity Information Facility (GBIF.org, 2020).
Using a list of all recognized Fabales species names and their
associated synonyms, we aggregated all records of synonyms
to accepted species names. This Fabales data set was then
filtered to include only species in Astragalus and Oxytropis
and further sampled outgroups. Next, occurrence records
were subjected to a data cleaning process that relied heavily
on the R package CoordinateCleaner (Zizka et al., 2019). In
this process, records were removed if they were missing
coordinates, or if latitude values were not between –90 and
90 or if longitude values were not between –180 and 180.
We also removed records if coordinates had equal longitude
and latitude values, were within 500 m of the geographic
centroid of political countries or provinces, were within
500m of the GBIF headquarters, had either zero longitude
or latitude, or were within 100 m of locations in a global
database of biodiversity institutions that includes zoos,
botanical gardens, herbaria, universities, and museums
(Zizka et al., 2019). Records were also removed if the
minimum absolute distance between a record and all other
records of the same species was greater than 1000 km.
Duplicate records with the same longitude and latitude
values were filtered to retain only one record.

Assembly of niche attributes

We assembled a set of niche attributes selected to best capture
properties of interest for Astragalus, such as climate and soil,
while selecting parameters that show minimal correlation at
global scales (Pearson's R2 < 0.7). Using previously published
code (Folk et al., 2019), we extracted niche attributes for 18
predictors representing climate, soil, elevation, and land cover.
Bioclimatic data (Hijmans et al., 2005) were BIO1, BIO2, BIO3,
BIO4, BIO7, BIO12, BIO15, BIO17. From the larger set of 19
Bioclim variables, we chose a limited set of predictors that cover
both absolute values and variance in temperature in precipita-
tion. The temperature variables represent mean annual
temperature (BIO1), diurnal variability in temperature (BIO2,
BIO3), and seasonal variability in temperature (BIO4, BIO7).
The precipitation variables represent annual precipitation
(BIO12) and seasonal variation in precipitation (BIO15 and
BIO17). Elevational data were derived from GTOPO30 (EROS
Center, 2018). Soil data derived from SoilGrids (Hengl
et al., 2017) were nitrogen and carbon content, sand, and
coarse fragment percentage, and the most likely of the 29 soil
classifications of WRB 2006 (World Reference Base; FAO, 2006)
for each grid cell. Finally, land‐cover data (Tuanmu and
Jetz, 2014) comprised herbaceous percentage of land cover (i.e.,
grassland) and coniferous (“needle‐leaf”) and broadleaf forest
percentage of land cover. For the quantitative variables
(all attributes except for soil type classification), the niche
occupancy of a species was summarized by the mean of all
extracted occurrence values. For soil type, a categorical variable,
the mode was used.
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Ancestral reconstructions of environmental data were
implemented in the R package phytools, with model choice
via corrected Akaike information criterion (AICc); the
model set included Brownian motion, Ornstein‐Uhlenbeck
(OU), and early‐burst models for quantitative variables; OU
models were selected without exception. For categorical soil
type, only the equal‐rates model could be implemented due
to the high number of states. Estimates of phylogenetic
signal were also implemented using phytools, using the
lambda test (Pagel, 1999). This method measures phyloge-
netic signal as the parameter λ, with λ = 0 indicating no
phylogenetic signal and λ = 1 indicating phylogenetic signal
of the strength expected under Brownian motion; the
significance of phylogenetic signal (λ ≠ 0) is implemented as
a likelihood ratio test.

Biogeography

Coding of geographic regions followed a previously
developed shape file and Python code for regionalization
(Folk et al., 2021b). Briefly, considering the regions most
important to Astragalus, we recognized North and South
America as distinct regions, and Africa was inclusive of the
southern Mediterranean Basin. Western Europe and the
northern Mediterranean were considered a region com-
bined with boreal Eurasia, distinct from West Asia (the
most important area for Astragalus in terms of species
richness), the latter delimited from Anatolia east to the
Altai, north to the Pontic area and south to the Arabian
Peninsula following suggestions by Folk et al. (2021b)
(Figure 3). East Asia and South Asia were recognized
together as a further distinct region. In total, seven regions
were recognized as summarized in Figure 3. Biogeographic
scoring was manually checked with information from Plants
of the World Online (POWO, 2023) and Astragalus of the
World website (Maassoumi, 2020). We used a model
comparison framework in BioGeoBEARS (Matzke, 2013)
to select among DIVA‐like, BAYAREA‐like, and DEC
biogeographic models; inclusion of parameterizations of
jump dispersal (j) have proven controversial (Ree and
Sanmartín, 2018; Matzke, 2022), so two favored models are
presented in the Results, one considering a model set with
and the other without j. The maximum range size was set to
five, following the largest range size observed in extant taxa.

Chromosome number reconstruction

We used reported chromosome counts to investigate
chromosome evolution in Astragalus, particularly whether
Neo‐Astragalus and other clades differ in the relative
prevalence of aneuploidy vs. polyploidy. We gathered
chromosome data from the Chromosome Counts Database
(CCDB; Rice et al., 2015; http://ccdb.tau.ac.il/) and the
Astragalus taxonomic database (Maassoumi, 2020), yielding
418 taxa with data. Chromosome ancestral states were

calculated using the ChromEvol model (Glick and
Mayrose, 2014) as implemented in RevBayes (Höhna
et al., 2016), considering rates of chromosome gains, losses,
and polyploidization. The calibrated tree was trimmed to
match the species for which counts were available, using the
drop.tip function in the R package ape (Paradis et al., 2004).
The analysis was run for 50,000 generations, with a 25%
burn‐in. Analysis results were summarized and plotted
using the R package RevGadgets (Tribble et al., 2022).

Trait‐associated diversification

Tests of trait‐associated diversification were implemented
both within the BAMM method and external to BAMM
using tip speciation rates under a model‐free paradigm.
BAMM rate‐trait association tests were implemented in
STRAPP (Rabosky and Huang, 2016), which is a semipara-
metric permutation test using assigned BAMM diversifica-
tion regimes to test for trait‐associated regime shifts.
Semiparametric tip rate were tested using ESSim (Harvey
and Rabosky, 2018) for continuous data and FiSSE (Rabosky
and Goldberg, 2017) for binary data. All three tests are
designed to control for evolutionary pseudoreplication,
which can result in spurious significance in state‐dependent
speciation extinction (SSE)‐type models (see Rabosky and
Goldberg, 2015). Multistate data (soil type) were recoded to
binary characters to satisfy requirements for FiSSE as
described in Results.

RESULTS

Sampling

We included 939 accessions, including 92 outgroups in the
final phylogenetic tree. Of these, 373 taxa were assignable to
Neo‐Astragalus (44.7% of the total described diversity based
on accepted taxa used by Maassoumi, 2020) and 474 taxa
assignable to the Eurasian (“Old World”) clades (20.4% of
the total). While the Eurasian species are therefore under-
sampled, species included here represent all recognized
major clades (Groups A to F; Kazempour Osaloo
et al., 2003, 2005; Azani et al., 2017b; Su et al., 2021). Of
the names matched to recognized groups in the Astragalus
of World taxonomic database (Maassoumi, 2020), this
sampling effort comprises 16.3% of species in Group A,
15.1% of Group B, 50% of Group C, 16.5% of Group D,
12.6% of Group H, 7.6% of Group G, and 14.2% of Group F.
Based on DNA sequence quality and manual comparison of
phylogenetic placements with those expected from previous
literature, 21 taxa in the phylogeny were excluded from
downstream analysis. These exclusions mostly pertained to
the Neo‐Astragalus clade, and these are enumerated in the
GitHub project repository (https://github.com/ryanafolk/
astragalus_niche_biogeo). For downstream analyses using
the phylogeny (e.g., biogeographical and environmental
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analyses), we also randomly subsampled the tree terminals
to one accession per species (thus eliminating multiple
subspecific taxa and other cases of multiple samples per
species), resulting in a tree with 818 tips.

Phylogenetic relationships

Relationships recovered here within the Astragalean clade
differed from summary relationships reported by
Wojciechowski et al. (2000), Lewis et al. (2005), and Azani
et al. (2019). However, our results agree with those of Su
et al. (2021), with a strongly supported monophyletic
Astragalus s.s. (local posterior probability [LPP] of 0.99;
hereafter, these analyses refer to the gene tree analysis
without collapsed branches) sister to the remainder of the
Astragalean clade, comprising Oxytropis+Coluteoid clade
sensu Su et al. (2021). These relationships were primarily
well resolved, although the clade supporting Biserrula
epiglottis as sister to the remainder of the Astragalean clade
exclusive of Astragalus s.s. was only moderately supported
(LPP 0.79).

Within Astragalus, we recovered an overall set of clades
similar to those of Kazempour Osaloo et al. (2005). The
clade names in Figures 1–3 follow the system of Groups
A–H for Eurasian species in Kazempour Osaloo et al.
(2003, 2005). The backbone was well‐supported with all
LPP > 0.96. As seen earlier, Group A was sister to the rest of
the genus. Groups C and B, whose branching order was
unresolved in earlier studies, are successively sister to the
remainder of Astragalus. Group G, recovered as a
paraphyletic grade of two clades named G1 and G2 in
Kazempour Osaloo et al. (2005) and as a polytomy with
Group G3 in Kazempour Osaloo et al. (2003), was recovered
as monophyletic here, although with limited shared taxon
sampling among these studies. We did not recover Group E;
two species of this small group sampled here (A. sinicus, A.
alpinus), also included in Kazempour Osaloo et al. (2005)
with two other taxa, were recovered here in (respectively) a
clade of Asian species sister to the remainder of Group C
and embedded in Group D. Group H was recovered as sister
to Group G with low support (LPP < 0.5). Clades corre-
sponding to Groups D and F were recovered as sister (LPP
0.88), and this clade was sister to Neo‐Astragalus (LPP
0.96). Groups A–D were not supported as monophyletic
(LPP < 0.5; although confidently supported subclades were
recovered), but the remainder were well‐supported
(LPP > 0.95).

Additional species that had not been previously
sequenced have been tentatively assigned to Groups
A–H in the Astragalus taxonomic database (Maassoumi,
2020). Our results partly agree with these taxonomic
assignments, with many exceptions; complete taxonomic
subsectional and clade information can be found in
Appendix S2. Group F contained the most species
previously assigned to other groups, especially of species
assigned to Group B (Appendix S2).

Our results were similar to recent studies of Asian
Astragalus (Azani et al., 2017b; Su et al., 2021), with our Group
F corresponding to the Hypoglottis and Diholcos clades of these
studies. The Contortuplicata and Hamosa clades correspond to
the Asian clade recovered within our Group C, and the Phaca
clade corresponds to our Group A. Our study finds Neo‐
Astragalus as an independent clade not placed within Diholcos
(Group F), but Azani et al. (2017b) and Su et al. (2021) had
limited sampling of Neo‐Astragalus. The Glottis clade, sister to
all other Astragalus in Azani et al. (2017b) and Su et al. (2021),
was recovered here as closer to Oxytropis among the outgroups
(represented by Astragalus epiglottis=Biserrula epiglottis). We
also did not recover a Pseudosesbanella clade as sister to the
remainder of Astragalus exclusive of the Glottis clade (Su
et al., 2021); instead, the species we sampled of the
Pseudosesbanella clade as previously recognized are early
diverging within Group A.

Gene tree support and discord

To explore the effect of different data trimming decisions, we
ran coalescent species tree inference with and without gene‐
branch‐collapsing criteria. Interestingly, the branch‐collapsed
analysis had decreased backbone support, with most backbone
nodes having LPP > 0.9 but lower than in the analysis without
branch‐collapsing criteria. The average LPP for the total tree
was 0.605 without branch‐collapsing criteria and 0.567 with
collapsing criteria. The branch‐collapsed tree overall was similar
in backbone relationships to the main result (previous section),
but relationships within the Neo‐Astragalus clade contained
numerous differing clade resolutions with low support (LPP
< 0.5) and included several species that in the main result and
taxonomic assignments belong to group F (Appendix S5). Thus,
gene‐branch‐collapsing criteria resulted in a violation of the
monophyly of Neo‐Astragalus by including several Eurasian
species, a result not seen before (Wojciechowski et al., 1999).
Observing more problems with an analysis using branch‐
collapsing criteria contrasts with the recommendations of
Zhang et al. (2017); it is possible that this problem is due to
the inference of gene trees on large numbers of similar
sequences, where bootstrap measures can display downward
bias and underestimate accuracy (Lemoine et al., 2018). Thus,
the main phylogenetic analysis was favored for the remainder of
the analyses.

The overall quartet score for the tree with branch‐collapsing
criteria was 0.6730 (~67% of gene tree quartets are concordant
with the species tree), indicating a moderate level of discord.
Plotting quartet scores across the phylogeny (Appendix S6)
demonstrated similarly moderate levels of discord throughout
the tree. However, the Neo‐Astragalus clade was marked by
extremely high discord in the backbone, with quartet scores
near zero (i.e., few to no gene trees agree with the species tree at
branches representing the Neo‐Astragalus backbone). High
gene tree heterogeneity in the Neo‐Astragalus backbone was
consistent with the sensitivity of these branches to branch‐
collapsing criteria (above). A tanglegram comparing analyses
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with and without branch‐collapsing criteria further demon-
strates an impact on topology, which is almost entirely restricted
to the Neo‐Astragalus clade (Appendix S7).

Diversification

The hypothesis of uniform diversification‐rate regimes was
definitively rejected (posterior probability ~0 for zero
shifts). Rates varied through time, with a shallow peak in

the late Miocene (~10 Mya) and a strong peak at the Plio‐
Pleistocene boundary (~2.5 Mya; Figure 3). The first burst
was approximately contemporaneous with the divergence of
Groups A–H and Neo‐Astragalus, while the second
represents nested radiations early in the history of each
major clade (Figure 3). While eight shifts were recovered in
the best configuration for the diversification‐rate regime
(Figure 3), these were not clearly associated with any
attributes studied here. BIO2 (BAMM STRAPP P = 0.094;
ESSim P = 0.7373) and BIO3 (STRAPP P = 0.056; ESSim

A

C

B

F IGURE 1 Ancestral reconstruction results for (A) aridity, (B) isothermality, and (C) soil type. Further reconstructions are available in Appendix S10.
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P = 0.5435; Figure 3D), the environmental characteristics
closely associated with Neo‐Astragalus, were not signifi-
cantly associated with diversification. Soil characteristics
also were not associated with diversification (STRAPP
P = 0.07; FiSSE P = 0.9391; soil types were recoded as
calcisols vs. other soil types for FiSSE to yield a binary
contrast; Figure 3C). Ploidal levels did not differ in

diversification rate based on chromosome counts (STRAPP
P = 0.799; here counts [n] > 13 were considered polyploid
following the ChromEvol result). Finally, tip speciation rates
showed no obvious relationship with biogeographic region
(Figure 3B) and did not differ among the major recognized
clades of Astragalus (Figure 3A). Overall, despite BAMM
detecting bursts of diversification, they are seen in most of

A B

C D

E F

F IGURE 2 (A–D) Distribution of tip speciation rates, (A) vs. named clade, (B) vs. biogeographic region (colors are the same as in Figure 3; note
Oceania with one outgroup species is omitted), (C) vs. soil type (colors are the same as in Figure 1C), and (D) vs. isothermality. (E, F) Distribution of species
occupancy of soil types (E) for Neo‐Astragalus and (F) for the Eurasian clades.
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F IGURE 3 (See caption on next page).
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the species‐rich clades (Figure 3) and resulted in similarly
high rates of diversification across Astragalus (Appendix S8).
The only data set significant with respect to diversification
was chromosome number (STRAPP P = 0.027; however, no
chromosome shifts occurred directly on branches experien-
cing diversification bursts except for the stem lineage of
Neo‐Astragalus: Figure 3). These results suggest variable but
overall high diversification rates in Astragalus that are not
obviously linked to particular ecological strategies or other
features investigated here, consistent with the idea of a non‐
adaptive radiation (Givnish, 2015).

Phylogenetic signal in quantitative niche
attributes

All measured niche attributes showed strong evidence of
phylogenetic niche conservatism (all highly significant,
λ > 0.5 in all cases; see Appendix S9). While strong
phylogenetic structuring may be the rule for niche attributes,
in most cases this involved small, recently diverged clades
(Figure 1; Appendix S10; cf. Wiens et al. [2010] for discussion
of niche conservatism and phylogenetic scale). However,
ancestral reconstruction (Figure 1A, B; performed under
the favored OU model) revealed that diurnal temperature
range and particularly isothermality (BIO2 and BIO3) were
remarkable in clearly delimiting the Neo‐Astragalus clade of
the Americas from Eurasian clades (Figure 1B); no other
niche attributes corresponded so strongly with geography.
While strong diurnal temperature swings are associated with
arid environments, this phylogenetic distribution was highly
distinct from that seen for aridity, temperature, and
precipitation (Figure 1A; Appendix S10). Likewise, elevation
(Appendix S10), although an important factor, does not
delimit the major clades of Astragalus. Biogeographic
region alone explains a remarkable 51.8% and 51.7% of the
variance in diurnal range and isothermality, respectively
(ANOVA adjusted R2). Sampling random cells from
the predictor layers in the range of Neo‐Astragalus and the
Eurasian clades as a null demonstrates that this difference
cannot be attributed to overall continental climatic differ-
ences in these variables (t‐test, BIO2: P = 0.6394; BIO3:
P = 0.4816).

Because environmental trends were also associated with
clade membership (Figure 1A) and biogeographic domain
and could have simply been driven by phylogenetic
structuring of distributions, we performed a two‐way
MANOVA (Appendix S11; here, including only the
quantitative niche attributes), showing that taxonomic
group (using the taxonomy of the database Astragalus of

world; P < 2e‐16) and biogeographic domain (P < 2e‐16)
have independent explanatory power for niche occupancy,
as does their interaction (P = 0.0007413). This finding
suggests that there is both clade‐ and area‐based niche
specialization.

Phylogenetic signal in soil type

The only other environmental characteristic that delimited
Neo‐Astragalus from Eurasian species and showed similar
deep‐level phylogenetic structuring to BIO2 and BIO3 was
the FAO soil classification, which is based on physical and
chemical characteristics that are rooted primarily in soil
formation processes such as erosion and alluvial deposition.
Direct measures of soil fertility such as carbon and nitrogen
content did not show similar phylogenetic structuring,
suggesting this result was independent of direct nutrient
challenge. Overall, calcisols, cambisols, chernozems, kasta-
nozems, leptosols, luvisols, and regosols, most of which are
poor soils of northern and arid regions, account for nearly
all species diversity (Figure 2E, F). Neo‐Astragalus species
occur in calcisol‐enriched soils (defined partly by high
calcium content and characteristic of the southwestern arid
United States), kastanozems (a humus‐rich soil associated
with grasslands), and luvisols (a typical clay‐rich temperate
soil type; Figure 2E). Eurasian species primarily occur in
cambisols and regosols (Figure 2F), soils associated with
high erosion that are also found to a lesser extent to support
Neo‐Astragalus species. Cambisols, the most common soil
association for the genus and a common soil type in cold
and arid regions, are reconstructed with high probability as
ancestral in Astragalus and Oxytropis, their most recent
common ancestors, and the entire backbone of Astragalus
including Neo‐Astragalus and all other major named clades
(Figure 1C).

Chromosome reconstruction

Chromosome reconstructions in ChromEvol (Figure 3;
Appendix S12) definitively supported a base number of
n = 8 for the Astragalean clade. This base number was
largely retained throughout the eastern hemisphere grade
and outgroup genera. The exceptions, considering only
internal phylogenetic nodes, are a shift (with low posterior
probability) to n = 6 in a small clade of Oxytropis and a shift
to n = 7 in a small clade within Astragalus Group C. A shift
to n = 11 occurred in the ancestor of Neo‐Astragalus, which
was followed by a shift to n = 12 in a clade of South

F IGURE 3 Biogeography and diversification of Astragalus based on the main analysis without branch‐collapsing criteria and treePL divergence‐time
estimation. Ancestral biogeographic regions are indicated by colored circles according to the map legend (colors are the same as in Figure 2B); only
Astragalus s.s. is shown here, and only backbone nodes and crown nodes of named clades are plotted. See Appendix S13 for full result. Black stars denote all
recovered BAMM diversification shifts; see Appendix S8 for branches colored by diversification rate. Boldfaced numbers indicate reconstructed ancestral
chromosome numbers, plotted for all nodes with diversification shift and/or biogeographic region plotted; see Appendix S12 for full result.
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American species and three clades of North American
species, and to n = 13 in a clade of South and North
American species (Appendix S12). ChromEvol also detected
numerous ancestral polyploidization events. These were
distributed in small clades in Oxytropis and in Astragalus
Groups B, G, and D (Appendix S12).

Biogeographic results

The DEC model was favored against other models without a
jump parameter (ΔAICc 97 compared to the second‐best
BAYAREA‐LIKE model); DEC+J was the favored model
overall, with ΔAICc 48). DEC (Appendix S13) and DEC+J
models (Appendix S14) were largely similar; both are
discussed below when they disagree concerning major
clades. We recovered a strongly supported origin of
Astragalus in West Asia, dated by treePL to ~11.47 ya
(14.17 Mya in RelTime) (hereafter main text refers to treePL
dates with RelTime dates in parentheses; crown ages in both
cases), with these ages consistent with the variation in
estimates from previous studies focusing on late Miocene
origins. For example, Azani et al. (2019) recovered a crown
age of 14.16My (11.47–16.95 95% highest posterior density
[HPD] in their study) and also reconstructed West Asian
origins; Su et al. (2021) recovered a crown age of 12.51My
(9.45–16.00 95% HPD). Among named clades traditionally
recognized in Astragalus, all named eastern hemisphere
clades (Groups A–H) retained the ancestral West Asia
distribution at the crown divergence.

Dispersals to the other two important regions for the
eastern hemisphere grade of Astragalus, boreal Eurasia and
Africa, occur almost solely through western Asia, and in
both dating analyses dispersal occurred primarily in the last
2–3 my (see the detailed result in Appendix S13). Likewise,
Astragalus shows no examples of the eastern Asia–eastern
North America floristic disjunction despite a strong
presence in eastern Asia (primarily in the Himalaya‐
Qinghai‐Tibet area, less often associated with disjunct
distributions than eastern China). Almost without excep-
tion, eastern Asian clades descend by vicariance from
ancestors with eastern and western Asian distributions;
Astragalus clade A has a single example of a boreal‐eastern
Asia vicariant event.

Almost all Astragalus species of the Americas have long
been known to form the Neo‐Astragalus clade
(Wojciechowski et al., 1993), and our more densely sampled
results are consistent with the recovery of this clade. In the
DEC model, a single dispersal from western Asia led to a
broad ancestral distribution across the Americas, recon-
structed at 9.84 Mya (11.99My in RelTime; both estimates
older than the much younger dates of 4.4 Mya recovered by
Scherson et al. [2008] and 4.36 Mya by Azani et al. [2019]).
This dispersal to the Americas was immediately followed by
a vicariance across North and South America, with the
North American lineage leading to most of the diversity of
Neo‐Astragalus. Consistent with the purpose of the model,

DEC+J instead proposed a jump dispersal to South America
in the ancestor, immediately followed by a dispersal to
North America. Thus, the inference of vicariance at the time
of the most recent common ancestor of the Neo‐Astragalus
clade was sensitive to model choice, although the overall
pattern was similar between the two analyses. Most South
American species represent at least 13 subsequent dispersals
to South America from North America with dates between
2.5–4 Mya in both dating analyses, four of which represent
clades of 2–17 species. While this scenario conflicts with
that of Scherson et al. (2008), who found evidence for two
dispersals from North to South America, the difference is
attributable partly to differing resolution of clades (neither
of Scherson's South American clade was recovered here) but
especially to improved sampling in our study, which
included several South American taxa never studied before.
Overall, this timeline and the predominant north‐to‐south
direction are consistent with current understanding of the
history of amphitropical disjunctions in plants. As reviewed
by Simpson et al. (2017), ~81% of amphitropical disjuncts
involve north‐to‐south dispersal, although this bias varies
by habitat and was highest (~100%) in high‐latitude plants
and not evident (~46%) in desert plants. Long‐distance
dispersal is currently favored over vicariance as the
mechanism to explain amphitropical disjunction, and it is
thought that dispersal in this disjunction reflects the routes
of migratory birds as the most likely dispersal vector
(Simpson et al., 2017). Based on our current sampling, only
a single species of Neo‐Astragalus left the Americas, with
Astragalus polaris extending from Alaska to the Russian
Far East.

Approximately 15 North American Astragalus species,
generally of more mesic environments than other species of
the genus (Barneby, 1964), fall outside the Neo‐Astragalus
clade. These examples of secondary connections with North
America, which include both endemics and species with
large Northern Hemisphere distributions, are primarily
descended from a broad range of ancestors distributed in
boreal regions, and unlike Neo‐Astragalus, date to no earlier
than the early Pleistocene, as predicted respectively by
Barneby (1964) and Wojciechowski et al. (1999).

DISCUSSION

Diversification of Astragalus

Sanderson and Wojciechowski (1996) were the first to
quantify diversification rates in Astragalus and related
genera; their primary hypothesis was that the Astragalean
clade was characterized by relatively high but uniform rates
of diversification. Considering that the methodologies
available for investigating diversification were limited in
the 1990s, the analyses they performed were more
restricted than those considered here, primarily testing
differences between genera rather than at the species level
within genera. Nevertheless, the hypothesis of uniform

ASTRAGALUS MEGA‐RADIATION | 11 of 19

 15372197, 2024, 3, D
ow

nloaded from
 https://bsapubs.onlinelibrary.w

iley.com
/doi/10.1002/ajb2.16299, W

iley O
nline Library on [29/06/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



diversification rates is rejected here both considering rates
within Astragalus and between Astragalus and other genera.
Early‐diverging clades within Astragalus share diversifica-
tion regimes with outgroup taxa, while the Coluteoid clade
and Oxytropis each have distinct diversification rate
regimes, as do numerous core clades of Astragalus.

The rates we found, with a mean of between 0.5 and 1
speciation event per lineage per million years depending on
the period (Figure 3) and rates as high as 7 speciation
events/my (Appendix S8), are in line with those identified
previously for the genus (cf. Wojciechowski et al., 1999;
Scherson et al., 2008) and on the high end of what is known
for flowering plants in general (reviewed by Lagomarsino
et al. [2016]), well befitting the high diversity of the genus.
Although the rates are high, the timeline of diversification is
conventional for a temperate radiation (reviewed by Folk
et al. [2020]). Two peaks of diversification in the late
Miocene and Plio‐Pleistocene accord with earlier work in
Astragalus (Azani et al., 2019) and are typical of other major
temperate clades representing diverse lineages of angios-
perms (Arakaki et al., 2011; Folk et al., 2019; Sun
et al., 2020b), a timing thought to reflect two major global
historical cooling and aridification events that nevertheless
favored temperate vegetation (Folk et al., 2019, 2020).

We could not identify any clear abiotic factors among
temperature, precipitation, topography, or soil variables that
are associated with diversification. While diversification
appears to be relatively heterogeneous, our overall scenario
nevertheless agrees with Sanderson and Wojciechowski
(1996) that Astragalus and the entire Astragalean clade have
relatively high diversification rates. Sanderson and
Wojciechowski (1996) appeal to parallel origins of growth
form to withstand abiotic stress and similar origins of
chemical adaptations against herbivory to explain the high
diversity of the group, yet abiotic ecological factors at least
are rejected by our analyses. As well as assessing biotic
interactions and chemical or physiological aspects, future
work should focus on broadening the phylogenetic scope
outside of the Astragalean clade, which may identify
alternative drivers from what we have seen here (Graham
et al., 2018), as Sanderson and Wojciechowski (1996)
focused on the Astragalean clade as a whole.

Climate evolution in Astragalus

The most clear and surprising result of our investigation of
niche attributes was the importance of diurnal temperature
variation and its close tracking of biogeographic provinces.
Given that we did not find a direct association of diurnal
temperature range with ploidy or diversification, bio-
geographic area remains as the only significant associate
with this niche attribute. While infrequently studied in
plants, the importance of diurnal temperature range for
determining plant distributions has been emphasized in
previous studies. Ramsay (2001) and Zhao et al. (2018)
found diurnal temperature variation to be an important

predictor of plant growth form, a result they attributed to
physiological stress adaptation; likewise, there are interac-
tions between diurnal temperature and plant germination
(Liu et al., 2013) and with plant size (Myster and Moe, 1995).
In some investigations, latitudinal diversity patterns have
been partly attributed to diurnal temperature variation in
plants and microbes, attributed to filtering out species with
narrow physiological tolerances within highly variable
biomes (Hu et al., 2019; Lancaster and Humphreys, 2020).
At the level of species rather than clades, important
variables identified in the Astragalus of Eurasia have
focused on seasonal rather than diurnal variation (Yang
et al., 2020) or soil and topographical variables (Safaei
et al., 2018; Aghajanlou et al., 2021; Baumberger et al., 2021),
so phylogenetic scale is an important consideration
(Graham et al., 2018). However, studies in Neo‐Astragalus
have previously identified temperature variation as impor-
tant for the clade; for instance, Jones et al. (2021) identified
BIO4 as the most important PCA loading in the
A. sabulosus group of the Colorado Plateau; similarly,
BIO4 was the second‐most important variable in a
distribution modeling study of A. utahensis, and BIO3 was
also included in the favored model (Baer and Maron, 2020).

Our Astragalus results indicate the importance of
diurnal variation but are surprising for two reasons. First,
the strict biogeographic divide is remarkable and does not
represent an equivalent divide in the background environ-
mental variation of the eastern and western hemispheres.
This finding suggests that dispersal to the Americas was
associated with niche specialization. Second, the primary
correlate identified in the literature with diurnal variation is
growth form, with high diurnal variation classically
associated with low, cushion‐like growth forms
(Ramsay, 2001). Astragalus, by contrast, is remarkable for
a morphological conservatism that in many cases fails to
demark major clades (Sanderson and Wojciechowski, 1996).
Although cushion forms are indeed prevalent in Neo‐
Astragalus, we did not have sufficient trait data to pursue
this hypothesis further. The exact physiological adaptations
relating to diurnal temperature variation occurring in
Astragalus are therefore unclear; nevertheless, the status of
this clade as including some of the most important
nodulating plants in its range suggests a possible photo-
synthetic explanation rooted in water stress. As argued in
several previous works (Adams et al., 2016; Pellegrini
et al., 2016; Doby et al., 2022), plants engaging in root
nodule symbiosis exist on a distinct area of the leaf
economic spectrum as embodied by their differing nitrogen
investments (McKey, 1994; Crews, 1999). High nitrogen
investment in photosynthesis in legumes appears to relate
primarily to confronting water stress (Adams et al., 2016),
suggesting that nodulation may serve as part of a spectrum
of adaptations in Astragalus that explains their success in
distinctive freezing, arid areas. However, nitrogen‐fixing
symbiosis has seen limited study in Astragalus, and the
implication of this important biogeographic trait for
ecological specialization merits further study.
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Soil biology

Edaphic ecology, while still understudied
(Anacker, 2014; Rajakaruna, 2004, 2018; Hulshof and
Spasojevic, 2020), is often singled out as one of the most
important biogeographic factors in plants (Raven, 1964;
Axelrod, 1972). Investigation of the distribution of soil
niche across the Astragalus phylogeny and bio-
geographic regions confirms the existence of clade‐
level and region‐level specialization. Aside from diurnal
temperature, soil classification (which captures primar-
ily how soil formed rather than nutrient availability)
turned out to be one of the most phylogenetically
conserved habitat attributes, much more so than
individual chemical attributes like carbon and nitrogen
(which have been identified as important in Astragalus
at the species rather than clade level; cf. Safaei et al., 2018;
Yang et al., 2020).

While legume biogeography is most often under-
stood in terms of biomes and continents (Lewis
et al., 2005), the distributions of nodulating legumes
are clearly related to edaphic ecology (Sprent et al., 2017).
Soil rhizosphere environments and the physiological
limitations that soil environments impress upon rhizo-
sphere bacteria and fungi represent potential constraints
on plant distributions (Parker et al., 2006; Simonsen
et al., 2017). Spatially robust microbiome studies on
nodulating plants remain few; one study of Astragalus
considered soil properties but found geographic distance
the most important predictor of biogeographic
structure for rhizospheres (Li et al., 2021). Nevertheless,
evidence from other legume species suggests that
edaphic ecology may be a key factor dictating symbiotic
choice (Rathi et al., 2018). Besides symbiont choice, the
edaphic setting interacts with water stress because soils
differ in their water retention characteristics, potentially
leading to an increased importance of root nodule
symbioses.

Given the few large‐scale studies of edaphic char-
acteristics in nodulating plants (Siniscalchi et al., 2022),
progress documenting basic edaphic specializations are
needed first if we are to make progress in understanding
major contrasts such as that seen in Astragalus and test
whether the importance of edaphic specialization can be
attributed to differences in root nodule symbiosis or
other factors. This study represents the first in‐depth
investigation of soil biology across Astragalus (see Wang
and Wang, 2013; Wang et al., 2021 for studies on
individual species), and indeed, to our knowledge, the
first broad‐scale phylogenetic investigation of recog-
nized FAO (Food and Agricultural Organization) soil
classifications in a large number of plant species. Further
studies using gridded soil classification data are war-
ranted to investigate the patterns we have recovered in
other plant groups; it will be interesting to discover
whether other clades display similar evidence for
radiations in specialized soil environments.

Chromosome variation in Astragalus

Similarly to previous investigations, this study showed base
chromosome numbers are closely associated with bio-
geographic patterns in Astragalus, with a major shift in base
number associated with radiation in the Americas and more
limited base shifts associated with many South American
species. Higher base numbers as seen in Neo‐Astragalus
were often traditionally interpreted as old polyploids with
subsequent aneuploid reduction (Grant, 1981: p. 367), but
the hypothesis of ancestral polyploidy was not consistent
with our reconstruction, which revealed only aneuploid
increase. Instead, consistent with Wojciechowski et al.
(1999), the eastern and western hemispheres are distin-
guished by distinct chromosome evolutionary mechanisms.
Eurasian and African species are characterized by frequent
polyploidy, whereas all chromosome evolution for Neo‐
Astragalus in the Americas was reconstructed as aneuploidy
in our model.

There was marginal evidence for an association between
chromosome number and diversification rates, but diversi-
fication shifts are not directly associated with base number
shifts. Investigations into the relationships between chro-
mosome evolution and either biogeography (e.g., Rice
et al., 2019) or diversification (e.g., Landis et al., 2018) have
yielded mixed results. Polyploidy has often been seen as a
major source of evolutionary innovation in the face of
stress, and aneuploidy, while less well studied, has similarly
been associated with abiotic stress (Folk et al., 2020; Van de
Peer et al., 2021). The major association between chromo-
somes and biogeographic province in Astragalus may
likewise relate to survival of abiotic stress through
mechanisms promoting genetic variation.

Biogeography of Astragalus

As suggested by Maassoumi and Ashouri (2022), western
Asia and especially the area comprising modern‐day Iran, is
the center of Eurasian Astragalus diversity, both geograph-
ically and in terms of species richness and diversity of major
lineages. Our results support this conclusion by suggesting
western Asia as the ancestral area of Astragalus and as an
essential crossroads for achieving its modern‐day distribu-
tion. Dispersal to the Americas and other regions of Eurasia
and Africa mostly depend on ancestors that were distributed
in western Asia. Only transitions between North and South
America are substantially independent of western Asia;
otherwise, movement into eastern Asia, Africa, and boreal
Eurasia occurred from western Asia without exception in
the biogeographic reconstruction.

We found more complex connections between North
and South America than recovered in previous studies,
likely reflecting the denser taxon sampling used here. It has
been long known that South American species are quite
similar to North American species, seemingly more so than
to each other, and certainly much more so than to the more
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numerous central Asian relatives (Johnston, 1947). This
problem was previously studied by Scherson et al. (2008),
who suggested a North American origin, followed by two
dispersals to South America. However, the study by
Scherson et al. (2008) was limited by sampling (only 44
species of Neo‐Astragalus) and did not use statistical
biogeographic methods; likewise, studies sampling standard
ITS and chloroplast markers have generally suffered from
limited resolution caused by very low nucleotide divergence
(Wojciechowski et al., 1999). The denser taxon sampling
approach here points to a more complex story, favoring
vicariance rather than a solely North American scenario for
the earliest history of the clade and supporting a larger
number of subsequent dispersals from North to South
America.

Statistical support was lower for subclades in Neo‐
Astragalus compared to the other major Astragalus clades,
which were relatively well resolved. The greater evidence for
paralogs in this clade (Appendix S3), the sensitivity of
detailed relationships in this clade to gene‐branch‐
collapsing criteria (see Results), and the very high levels of
discord that localize specifically within the Neo‐Astragalus
backbone, suggest that more work is needed to resolve Neo‐
Astragalus relationships and decisively place shallower
geographic transitions in this clade in the context of
complex evolutionary processes. Moreover, localization of
high copy numbers in the Neo‐Astragalus clade might
suggest ancestral mass duplication, such as a tetraploid
common ancestor (perhaps n = 16), followed by ancestral
aneuploid decrease to arrive at the reconstructed n = 11 for
the most recent common ancestor, accounting for the
greater complexity of this clade in terms of copy number.
However, this hypothesis would require other methods,
particularly high‐quality genome assemblies, to test more
directly. Otherwise, our results are similar to those reported
previously for Astragalus, with a decisive western Asian
origin and a confident Astragalus backbone allowing us to
place the early transition to the Americas.

Astragalus, Oxytropis, and Astragalean clade
relationships

Most previous phylogenetic work in Astragalus has used few
genetic loci and focused either on representative sampling
(Wojciechowski et al., 1999; Scherson et al., 2008) or on
more extensive sampling of focal clades (Scherson
et al., 2008; Bartha et al., 2013; Bagheri et al., 2017;
Amini et al., 2019; Azani et al., 2017b, 2019) and areas (Su
et al., 2021). Our analysis primarily corroborates previous
phylogenetic findings across Astragalus while greatly
improving sampling of Eurasian species. The phylogenetic
placements we recovered validate and better resolve the
“Old‐World groups” of Kazempour Osaloo et al.
(2003, 2005). As mentioned in the Results, while the
delimitation of named clades is similar to previously
published work, the well‐supported backbone we recovered

is discordant with two recent studies that also resolved
backbone relationships with high support (Azani
et al., 2017b; Su et al., 2021); interestingly, our findings
are more similar to earlier work (Kazempour Osaloo
et al., 2005). Two explanations may account for discordant
results compared to Azani et al. (2017b) and Su et al. (2021):
first, these two studies included very few Neo‐Astragalus
species, thus lacking the sampling to place Neo‐Astragalus
confidently relative to eastern hemisphere clades, therefore
possibly explaining the anomalous placement of Neo‐
Astragalus. Second, these studies share a focus on plant
genomic loci with special evolutionary properties not shared
with low‐copy nuclear genes, with Su et al. (2021) using
whole plastid genomes and Azani et al. (2017b) using ITS
(the nuclear internal transcribed spacer) and plastid trnK/
matK; Kazempour Osaloo et al. (2005) only included ITS
sequences. Plastid genes are usually uniparentally inherited,
not recombinationally independent from one another, and
are often treated as single genes for the purpose of
phylogenetic analysis (Doyle, 1992; but see Gonçalves
et al., 2020); likewise, ribosomal genes are subject to gene
conversion with potential phylogenetic effects (Baldwin
et al., 1995). Hence, the previous primary use of genomic
compartments with special inheritance properties under-
lines the value of alternative evidence from the nuclear
genome. Future studies should investigate the potential for
cytonuclear phylogenetic conflict, which may involve deep
relationships (Sun et al., 2015; Stull et al., 2020, 2023) and
could be expected given that hybridization is thought to be
present in Astragalus (Bartha et al., 2013).

Finer‐scale clades approximately correspond to sectional
taxonomy (Appendix S2), but there are many exceptions at
the species level, and results will be of service in revising
subgeneric taxonomy with additional focused sampling.
However, Barneby's (1964) sectional classification of Neo‐
Astragalus is not supported, with many well‐supported
clades that are discordant with sectional delimitation (see
Appendix S2). However, limited backbone support in Neo‐
Astragalus in this analysis means that much of the Neo‐
Astragalus tree remains unresolved despite the increase in
marker and taxon sampling. These groups should be tested
further with intensive phylogenomic analyses and additional
marker sets to improve resolution.

Among our outgroups, we sampled 71 species of
Oxytropis, a monophyletic segregate of Astragalus more
prevalent in the Arctic (Meyers, 2012; Sandanov et al., 2022)
that has been studied previously using small numbers of
chloroplast and nuclear ribosomal markers (Archambault
and Strömvik, 2012; Meyers, 2012; Kholina et al., 2016, 2020;
Tekpinar et al., 2016a, b) and to a limited extent,
phylogenomic data (Shahi Shavvon et al., 2017). Bio-
geography of the Oxytropis species of the Americas was
investigated by Archambault and Strömvik (2012) and
Tekpinar et al. (2016b). Both studies suggested multiple
dispersals to the Americas from Eurasia but were limited by
very little nucleotide variation and were unable to
specifically identify the origin of this dispersal. We found
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four dispersals to North America, two each in the two major
Oxytropis clades recovered. Interestingly, two of them in
one of the clades (most recent common ancestor of
[Oxytropis pilosa, Oxytropis yunnanensis]) accord with
Astragalus in being dispersals from western Asia (Appen-
dix S13), but the remaining two dispersal events in the other
clade are classic eastern Asia–eastern North America
disjunctions (Wen, 1999), a biogeographic pattern never
observed in Astragalus. It is possible that, rather than strict
long‐distance dispersal, transitions of Astragalus to the
Americas from western Asia involved eastern Asian
distributional areas that were transient and quickly
extirpated. While such a pattern is similar to distributional
patterns seen in Oxytropis, the pattern would likewise be
inconsistent with a standard eastern Asia–eastern North
America disjunction pattern. Overall, Oxytropis would be an
excellent subject of further work because the relationships
we recovered do not accord well with subgeneric taxa (e.g.,
Malyshev, 2008; Archambault and Strömvik, 2012), but
assessing detailed relationships in this genus are outside the
scope of this study, and we lack the sampling to test the
monophyly of existing taxa further.

In terms of subtribal relationships, our analysis divides
the Astragalean clade (currently tribe Galegeae pro parte)
into two sister clades: Astragalus and the Coluteoid clade, a
series of genera around and including Oxytropis; relation-
ships in the Coluteoid clade are similar to those reported in
Zhang et al. (2009). Our results support the segregation of
the sister genera Biserrula and Podlechiella (Kazempour
Osaloo et al., 2003), both primarily distributed in the
Mediterranean basin, and the primarily northern Asian
Phyllolobium.

CONCLUSIONS

Our results confidently identify western Asia as the area of
origin of Astragalus and the key area for practically all major
intercontinental biogeographic events. Temperature niche,
edaphic ecology, and chromosome processes are remarkably
distinct in the Neo‐Astragalus clade of the Americas, yet
neither these nor biogeographic regions could be related
clearly to variation in diversification rates. Two diversifica-
tion peaks, both corresponding to Miocene and Plio‐
Pleistocene global cooling events, could reflect
temperature‐dependent diversification, although such an
association would be inconsistent with trait‐associated
diversification tests. Our major niche result, the bio-
geographic importance of diurnal temperature variation,
has never been suspected in Astragalus and is not often
studied in plants. Yet, like other factors, diurnal tempera-
ture variation does not have a clear relationship to
diversification processes despite being closely associated
with a species‐rich clade. These results highlight the need to
broadly study abiotic parameters at large scales in major
radiations and to explicitly test their potential importance in

the diversification process. Further study would clarify
whether Astragalus corresponds to a non‐adaptive radiation
(Rundell and Price, 2009; Givnish, 2015), which seems to
match well on the basis of abiotic factors.
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