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We used nuclear genomic data and statistical models to evaluate the ecological and
evolutionary processes shaping spatial variation in species richness in Calochortus
(Liliaceae, 74 spp.). Calochortus occupies diverse habitats in the western United States
and Mexico and has a center of diversity in the California Floristic Province, marked
by multiple orogenies, winter rainfall, and highly divergent climates and substrates
(including serpentine). We used sequences of 294 low-copy nuclear loci to produce
a time-calibrated phylogeny, estimate historical biogeography, and test hypothe-
ses regarding drivers of present-day spatial patterns in species number. Speciation
and species coexistence require reproductive isolation and ecological divergence, so
we examined the roles of chromosome number, environmental heterogeneity, and
migration in shaping local species richness. Six major clades—inhabiting different
geographic/climatic areas, and often marked by different base chromosome numbers
(n = 6 to 10)—Dbegan diverging from each other ~10.3 Mya. As predicted, local spe-
cies number increased significantly with local heterogeneity in chromosome number,
elevation, soil characteristics, and serpentine presence. Species richness is greatest in
the Transverse/Peninsular Ranges where clades with different chromosome numbers
overlap, topographic complexity provides diverse conditions over short distances,
and several physiographic provinces meet allowing immigration by several clades.
Recently diverged sister-species pairs generally have peri-patric distributions, and
maximum geographic overlap between species increases over the first million years
since divergence, suggesting that chromosomal evolution, genetic divergence leading
to gametic isolation or hybrid inviability/sterility, and/or ecological divergence over
small spatial scales may permit species co-occurrence.

California Floristic Province | diversification | environmental heterogeneity |
historical biogeography | phylogenomics

For closely related species to coexist and contribute to local species richness within a
lineage, they must be both ecologically and reproductively isolated (1, 2). That is, they
must be able to partition a range of resources (e.g., regions, habitats, microsites, succes-
sional stages) or otherwise avoid competitively excluding each other, and must possess
extrinsic or intrinsic mating barriers (e.g., differences in distribution, phenology, mating
compatibility, karyotype). Competition between close relatives can select for ecological
isolation via character displacement and adaptive radiation (3-5). Selection can also
increase reproductive isolation via adaptation to different conditions—Ileading to ecological
speciation (6)—and via reinforcement based on lower hybrid fitness (7). Ecological and
reproductive isolation can occur simultaneously via a special form of ecological speciation,
in which characters crucial for ecological divergence are also favored by mates or pollinators
(6, 8). Mating barriers usually considered non-ecological (e.g., differences in chromosome
number and rearrangements) may be favored initially only if tied to ecological advantages,
based on the edge of more common ancestral forms in avoiding hybridization (9).
However, that edge might be reversed if new karyotypic mutants arise in allopatric pop-
ulations, giving them an initial numerical advantage, especially in selfing or inbred taxa.
Non-ecological speciation and non-adaptive radiation driven by poor dispersal and local
genetic differentiation can multiply species within lineages with little or no ecological
divergence (3, 10) but is unlikely to result in local coexistence of close relatives. Overall,
local species richness within a lineage should increase with resource heterogeneity available
for partitioning, frequency of extrinsic or intrinsic mating barriers, rate of local speciation,
and immigration of species or clades from other areas (3, 11-16).

Recent orogenies—leading to high local topographic, climatic, and soil heterogeneity,
and topographically dissected, often extensive landscapes—are frequently tied to high
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local species richness and rapid species diversification. Examples
in plants include the Hawaiian lobelioids (13), South American
bromeliads, bellflowers, orchids, and other groups (17-22), New
Guinea orchids (19), western North American Lupinus (23), sev-
eral lineages in the Hengduan Mountains (24), and ferns world-
wide (25). Comparable cases in animals include Andean birds,
glass frogs, and lizards (26, 27), Hengduan voles (28), and
ampbhibians, birds, and mammals worldwide (29, 30). Mountain
ranges are unusually diverse for their area, with 87% of all higher
vertebrates and a large share of plant diversity in 25% of the land
area outside Antarctica (19, 31, 32). Mountains are likely to foster
higher speciation rates due to environmental heterogeneity and
abundant habitat barriers, lower extinction rates due to short
migration distances needed to accommodate climate change, and
greater coexistence over ecological timeframes due to local habitat
diversity (13, 17-25). Lineage immigration and accumulation of
species can also contribute to spatial diversity patterns, as seen in
several conifer hotspots (16), high Neotropical orchid diversity
(19), and co-occurrence of elements of multiple oak lineages along
several ecological gradients (33). Drivers of spatial variation in
diversification and species richness within clades have been studied
less frequently and only in a few instances at fine spatial scales
within and among individual mountain ranges and basins (13,
17-19, 25, 34). For example, in mountainous western North
America, several recent studies address the phylogeny and time of
origin of species-rich plant lineages (e.g., refs. 35-40), but few
calculate rates of species diversification, and none evaluate multi-
ple potential drivers of diversification rate or spatial variation in
species richness. Integrative analyses are needed to relate the diver-
sity of coexisting species to local environmental heterogeneity,
mating barriers, biogeography, and evolutionary history.

Here, we investigate the ecological and evolutionary drivers shap-
ing spatial variation in species richness in Calochortus (74 spp.,
Liliaceae) from western North America. Calochortus is an excellent
system for studying the determinants of spatial variation in species
richness, given its many species with narrow geographic distribu-
tions and their occurrence across a wide range of climates, soils,
elevations, and mountain ranges of different elevations and ages
(41-44). Calochortus is an iconic genus of bulbous geophytes,
marked by kaleidoscopic variation in floral form and color. It ranges
across the western United States and Mexico in a wide variety of
habitats, most of them open and at lower to middle altitudes, with
a center of diversity in the California Floristic Province (CFP)
(Fig. 1). Here, up to 10 species can co-occur within 0.25° x 0.25°
cells in the Transverse Ranges and Bay Area and 4 to 7 species across
the Coast Ranges and Sierra Nevada, vs. only 1 to 2 species over
the western Great Plains. The CFP is marked by rich native flora,
multiple orogenies, and highly divergent climates and substrates
(including several areas of serpentine) (45). Thirty Calochortus spe-
cies (41%) occur on or are endemic to serpentine soils (43-47); 22
(49%) of the 45 species native to California are considered state or
globally rare (G1-G3 or S1-S3) (48).

In a previous study of this system, Patterson & Givnish (42)
inferred a phylogeny for 64 species of Calochortus based on three
plastid genes and identified seven major clades associated with
different geographic areas; those clades were generally well sup-
ported, but relationships within them were frequently unresolved
or poorly supported. They suggested that the large number of
Calochortus species, their often-narrow distributions, and recurrent
evolution of serpentine tolerance reflected short-distance seed
dispersal, leading to differentiation and speciation at small spatial
scales. Consistent with this, Henns et al. (49) found spatial genetic
structure within Calochortus albus at small scales, with a mean
inferred distance of overall gene flow 0 = 5 to 43 m.
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Patterson and Givnish proposed that topographic complexity—
and resulting barriers to gene flow—in the mountainous areas
occupied by Calochortus was a major impetus to geographic spe-
ciation, as was edaphic speciation involved with recurrent invasion
of serpentine substrates. The latter have high concentrations of
heavy metals, high Mg:Ca ratios, and large fractions of bare
ground, all hostile to most plants (46, 50). Patterson and Givnish
also proposed that Calochortus species diversity partly reflected
shifts in chromosome number, arguing that such shifts provided
reproductive isolation and allowed three pairs of major clades to
“double up” and diversify in the same geographic areas (Coast
Ranges/Sierra Nevada, northern Rocky Mountains, Transverse/
Peninsular Ranges) without hybridizing. They suggested that
adaptive radiation into different habitats across small spatial scales
also contributed to diversification in Calochortus.

Based on the above considerations, here we extend the analyses
of Patterson & Givnish (42) using greatly improved phylogenetic
methods, almost complete species sampling, and adding spatially
structured data on ecological factors that might affect species
diversity to test the following predictions regarding the genesis
and maintenance of species richness in Calochortus:

1. Recently divergent sister species should have peripatric ranges,
reflecting limited dispersal and geographic speciation;

2. 'The likelihood of species overlap should increase with time since
divergence from a common ancestor, reflecting the time needed
for reproductive and ecological isolating mechanisms to evolve;
and

3. Local species richness should increase with a) local environ-
mental heterogeneity in elevation, climate, and soils, includ-
ing serpentine; b) local diversity of chromosome numbers; c)
immigration of clades from adjoining regions, d) lower soil
moisture and greater seasonality in potential evapotranspi-
ration, because moist, less seasonal habitats result in dense
canopies that adversely affect understory bulbous herbs (51),
and e) greater concentration of precipitation in winter, given
the abundance and adaptive advantage of bulbous/cormous
herbs in winter-rainfall climates — where they comprise 5%
of vascular plant species in the CFP (52) and 17% in south-
west South Africa (53)—and where storage organs allow rapid
deployment of leaf tissue to photosynthesize during the brief
window of favorable conditions in spring.

To address these hypotheses—founded on the principle that spe-
ciation and species coexistence require both reproductive isolation
and ecological divergence—here we present the first nuclear molec-
ular phylogeny for Calochortus based on putative single-copy loci.
We calibrate this phylogeny against time and use it to estimate the
evolution of chromosome number, serpentine tolerance, and pat-
terns of geographic spread and spatial overlap. We then evaluate the
roles of environmental heterogeneity, variation in chromosomal
number, immigration, and rate and duration of speciation in gen-
erating spatial and phylogenetic patterns in Calochortus diversity.

Results

Nuclear DNA Phylogeny. Maximum likelihood (ML) analysis
of concatenated nuclear loci—and ASTRAL analysis using an
approximation of the multi-species coalescent model—yielded six
major clades, each corresponding to a geographic region associated
with or largely restricted to one or more mountain ranges (Fig. 2,
SI Appendix, Figs. S1 and S2; and see ST Appendix, Table S1 for
data on gene trees). The major clades are fully supported based on

ASTRAL posterior probabilities (PP = 1; ST Appendix, Fig. S1) as
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Fig. 1. Map of Calochortus species richness in 0.25° x
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well as bootstrap support values given the ML nuclear concatenated
tree (BS = 100; ST Appendix, Fig. S2). These clades include the Bay
Area clade (centered on the Bay Area, with some species in other
parts of the Coast Ranges, as well as the Transverse and Peninsular
Ranges, Sierra Nevada, Siskiyous, and Cascades); the Pacific
Northwest clade (Siskiyous and Cascades, with some species in
drier habitats to the east); the Transverse-Peninsular clade (with
some species in the Southern Coast Ranges); the California clade
(distributed around the Central Valley, in the Sierra Nevada, Coast
Ranges, Transverse Ranges, and Peninsular Ranges); the Rocky
Mountain-Great Basin (RMGB) clade (ranging from the South
Coast Ranges to the Dakotas), and the Mexico clade (inhabiting
parts of the Sierra Madre Occidental, Sierra Madre Oriental,
Trans-Mexican Volcanic Belt, Sierra Madre del Sur, Chihuahuan
Desert, Chiapas Highlands, and Pacific lowlands) (Fig. 2). The
Bay Area and Pacific Northwest clades are sister to each other,
and jointly sister to the Transverse-Peninsular clade; the Mexico
and California clades are sister to each other, and jointly sister to
the RMGB clade (Fig. 2). These clades and their relationships to
each other are consistent with those inferred from plastid data
by Patterson & Givnish (36), except that our California clade
commingles species from their Southwestern California and Coast
Ranges—Sierra Nevada clades. ML analysis of complete plastomes
also yields these primary geographic clades but with a slightly
different position for the RMGB clade (SI Appendix, Fig. S3).
Gene concordance factors (gCFs) and nucleotide site concord-
ance factors (sCFs) estimated by IQ-TREE for the nuclear tree
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0.25° cells. (Inset) Flowers of C. superbus (Upper) and
C. pulchellus.

90°W
are generally high with a few exceptions (gCF = 0.38 to0 0.97;
sCF = 0.50 to 0.98; SI Appendix, Fig. S1), suggesting that sam-
pling variance is low but combined with some gene tree conflict.
The latter could reflect stochastic error from limited data or
incomplete lineage sorting (ILS) early in clade diversification,
although hybridization/introgression (HI) cannot be excluded at
this time (Discussion). Nonetheless, the current tree is a reasonable
hypothesis for species relationships and suitable for downstream
analyses. Most species represented by multiple samples are resolved
as monophyletic; the few cases of paraphyly and polyphyly include
taxa with peripatric ranges, consistent with ancestor-descendent
relationships or recent HI (S7 Appendix, Table S2).

Evolutionary Timeline. The nuclear chronogram places the
Calochortus stem at 44.0 Mya and its crown at 10.3 Mya (Fig. 2 and
SI Appendix, Table S3). These dates are consistent in the plastome
and nuclear topologies, with overlapping CI (S/ Appendix, Fig. S4
and Methods). The California and Mexico clades diverged 7.8
Mya, with crowns at 4.5 and 2.6 Mya, respectively. Their common
ancestor diverged from that of the RMGB clade 9.5 Mya. The Bay
Area and Pacific Northwest clades split 5.4 Mya, with crowns at
2.4 and 2.6 Mya, respectively. The Transverse-Peninsular clade
diverged from the Bay Area + Pacific Northwest clades at 5.4 Mya.

Historical Biogeography. Patterson & Givnish (42) used parsi-

mony to infer that Calochortus arose in the California Coast
Ranges and dispersed from there to most other areas, but our

https://doi.org/10.1073/pnas.2305228121
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Fig. 2. Time-calibrated ASTRAL phylogeny of Calochortus, with each major clade color-coded (Middle), the spatial distribution of each major clade (Left), and
flowers of each species (Right, not to scale). Gray bars indicate 95% Cl for node ages. Note extensive evolution in floral form and color in several lineages.

ML analysis reveals a more complex history. The DEC (Fig. 3
and ST Appendix, Fig. S5) and DEC+] (SI Appendix, Fig. S6)
ancestral-area models were the best-fit, with nearly identical log-
likelihoods (InL = 137.12 vs. -137.11), followed by the DIVALIKE
and DIVALIKE+] models (InL = -161.68, -153.97). Given
Calochortus’limited dispersal capacity (43), the controversy around
+] models (54, 55), and the nearly identical likelihoods of the two
leading models (Fig. 3 and S/ Appendix, Figs. S5 and S6), here we
present the DEC results.

Cascades/Siskiyous + Sierra Nevada is the most likely ancestral
range for the crown group of the Pacific Northwest clade (62%

40f12 https://doi.org/10.1073/pnas.2305228121

probability); Cascades/Siskiyous + Coast Ranges + Sierra Nevada
for the Bay Area clade (42%); Transverse/Peninsular Ranges for
the Transverse—Peninsular clade (72%); Mexican mountain ranges
for the Mexico clade (96%); and the Rocky Mountains/Great
Basin for the RMBG clade (60%) (Fig. 3 and S/ Appendix,
Fig. S5). The most likely ancestral area for the California clade
was Rocky Mountains/Great Basin or Rocky Mountains/Great
Basin + Cascades/Siskiyous + Transverse/Peninsular Ranges
(equiprobable at 27%). Given the disparate ancestral areas of the
major clades, a wide range of scenarios—each with low likeli-
hood—emerged for the ancestral area of the Calochortus crown:

pnas.org
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Rocky Mountains/Great Basin + Sierra Nevada had the highest
probability (30%), followed by Rocky Mountains/Great Basin +
Sierra Nevada + Mexico (29%).

Evolution of Chromosome Number and Serpentine Tolerance.
Consistent with Patterson & Givnish (42), most major clades differ
in base chromosome number (S7 Appendix, Fig. S7). The optimal
ancestral-state estimation used a constant-rates model (S/ Appendix,
Table S4) and resulted in an inferred ancestral chromosome number
n =9 (S] Appendix, Fig. S7). This model implies one shift fromn =9
to n = 10 in the Bay Area + Pacific Northwest clades; a second from
n =9 ton =7 in the California clade; a third fromn=9 ton =7 in the
stem of the RMBG clade; and a fourth, fifth, and sixth within that

Areas
. A-Rocky Mtns
B-Sierra Nevada

D-Coast Range
. E-T/P Ranges
F-Mexico

[l C-Cascades/Columbia

clade, from n =8 to n =7 and n = 9 (8] Appendix, Fig. S7). Karyotypic
shifts occur in 13.9% of 72 speciation events, including six shifts in
base chromosome number and four tetraploidization events.

Serpentine tolerance—including both serpentine endemics
(e.g., Calochortus tiburonensis) and serpentine tolerators (e.g.,
C. albus) that occur on both serpentine and non-serpentine sub-
strates—appears to have arisen and been lost multiple times
(SI Appendix, Fig. S7), in a pattern consistent with that found by
Patterson and Givnish (42).

Shifts in Species Geographic and Environmental Overlap with Time
Since Divergence. Members of five major clades are native to parts of
California, with maximum areas of geographic overlap among clades
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in the Coast Ranges, Transverse Ranges, Sierra Nevada, and Peninsular
Ranges (Fig. 2). Pianka’s index of geographic overlap is frequently
greater between different species in the same clade (that is, among
close relatives) than between more distantly related species drawn at
random from different clades (S Appendix, Figs. S8 and S9). Note
high overlaps between the Transverse-Peninsular clade (n = 9) and
California (n = 7) and RMBG (n = 8) clades; between the Bay Area
(n = 10) and California (n = 7) clades; and between the California
(n=7) and RMBG clades (n = 8)—all involving pairs of clades with
different base chromosome numbers. Permutation tests show that
species within the Bay Area, Mexico, California, and RMGB clades
overlap significantly more frequently with each other with than species
in other clades (S7 Appendix, Fig. S9).

As predicted, most (18 of 23) pairs of sister species have peripatric
ranges (SI Appendix, Table S5 and Fig. S10). Peripatric species pairs
diverged more recently (0.77 + 0.41 Mya) than non-peripatric pairs
(1.44 £ 0.72 Mya) (P < 0.007 for 1-tailed #test assuming homosce-
dasticity; P < 0.055 for the 1-tailed #test with heteroscedasticity).
Maximum geographic overlap increases with time since divergence
between species over the first million years (P = 0.011 to 0.065,
depending on binning interval and mapping resolution; S Appendix,
Fig. S11 and Table S6). Across all species pairs, geographic overlap
declined slightly with time since divergence, but that pattern explains
only 1 to 2% of the variance and is driven by many distantly related
species havmg zero overlap. The average distance between the centers
of species ranges increases significantly (r* = 0.17, P < 0.001) with
time since divergence (S/ Appendix, Fig. S12), reflecting the spread
of Calochortus through geographic space with time.

Drivers of Spatial Variation in Species Richness and Phylogenetic
Diversity (PD). Calochortus species richness increases strongly with
elevational range (r*=0.51, P<0.001), diversity of chromosome
numbers (count of different n values among species) (t* = 0.67,
P <0.001), and winter rainfall index (% of annual precipitation
falling from November—March) (r* =0.21, < 0.001) in 0.25° x
0.25° grid cells analyzed using independent univariate regressions.
When we included all hypothesized non-collinear predictors of
local species richness in a spatially unstructured GLM (Generalized
linear model), ten variables had significant effects (Table 1). Ranked
by significance, diversity of chromosome numbers, range of % soil
silt content, serpentine index, range of soil N content, elevational
range, range of soil bulk density, mean soil water content, and %
winter rainfall had significant positive effects on species richness,
while seasonality of potential evapotranspiration and mean soil
water content had significant negative effects.

Inclusion of lagged values improved the model based on like-
lihood ratio tests, with the spatial Durbin model as the best-fit
SRM (X =1,459.8, P < 10™ for 14 d.f.); its AIC was lower than
those for SAC, lag, and error models (4,138.6 vs. 4,202.0, 4,287.2,
and 4,282.6, respectively). For the optimal SRM, greater diversity
of chromosome numbers, elevational range, range of % soil silt
content, range of soil bulk density, range of soil nitrogen content,
range of % soil clay content, leaf area index, and moisture season-
ality index had the most significant positive effects on species
richness in rank order, while soil pH range had a significant neg-
ative effect (Table 1). That is, a greater diversity of chromosome
numbers and greater within-cell ranges in elevation and correlated
soil and vegetation characteristics had the most significant positive
effects on Calochortus species richness, while moister areas and
those with greater PET seasonality had negative effects.

The standardized effect size of PD  shows a geographic pattern
similar to that of species richness (S/ Appendix, Fig. S13), and
similar environmental variables and karyotypic variance are main

predictors of high PD (87 Appendix, Table S7).
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No Variation among Clades in Net Species Diversification. Net
species diversification rates increased toward the present by ~17%
since the Calochortus crown but showed no differences among
major clades (S Appendix, Fig. S14 and Table S3). Diversification
rate showed no relationship to clade species richness (r* = 0.001,
P > 0.94). No significant differences emerged in diversification
rates among clades and the regions they occupy.

Discussion

Our nuclear data concur with past plastid data (42) in delimiting the
same major lineages (i.e., geographic clades) and nearly identical
relationships among those lineages, despite large differences in meth-
odology (ML and ASTRAL vs. parsimony for phylogenetic infer-
ence), datasets (nuclear sequences vs. cpDNA restriction sites), and
species coverage. Our analyses of 294 putatively single-copy nuclear
genes fully resolve—mostly with strong support—relationships across
Calochortus, including many unresolved, poorly supported, or con-
trary relationships obtained by Patterson & Givnish (42) and the
positions of the nine species they did not study. Relationships of
species within clades often depart substantially from those obtained
earlier, however. For example, not one of the interspecific relation-
ships in the Bay Area clade derived eatlier is supported by our anal-
yses. In some cases, this incongruence appears to reflect sampling
error inherent to the earlier, far smaller plastid dataset, with relation-
ships in some clades in our plastome phylogeny (S/ Appendix, Figs. S3
and $4) more closely approaching those in the nuclear phylogeny
than those in the earlier plastid phylogeny (e.g., sce the RMBG clade);
in others, hybridization/ introgression or ILS appears likely, based on
conflict between the nuclear and plastome phylogenies and non-
monophyly of some species in the plastome phylogeny (e.g., see the
Bay Area clade) (Fig. 2 and S7 Appendix, Figs. S3 and S4). Detailed
analyses of discordance between the nuclear and plastome datasets,
and among nuclear loci, will be provided elsewhere.

Phylogeny and Historical Biogeography. Our time-calibrated nuclear
phylogeny indicates that Calochortus diverged from other lineages
~44.0 Mya and began diverging into six major clades between ~7-13
Mya (Fig. 2 and S Appendix, Fig. S5). Most Calochortus speciation
has been recent: the mean + SD age of cladogenetic events is 2.19 +
1.95 Mya, with the youngest third of such events occurring between
0.14 and 1.23 Mya. Estimated crown ages for the major clades are
almost all younger than their inferred areas of origin, given the
apparent uplift of the Coast Ranges < 3.5 Mya, Transverse Ranges <
5.3 Mya, Peninsular Ranges < 6 Mya, Cascades < 7 Mya, Basin and
Range physiographic province < 17 Mya, Sierra Nevada > 30 Mya,
and Rocky Mountains > 40 Mya (SI Appendix, Table S8).

Among the source areas identified by BioGeoBears, the Bay Area
clade most likely arose in the Cascades/Siskiyous and Sierra
Nevada, given the younger age of the Coast Ranges (Fig. 3 and
SI Appendix, Fig. S5). Four species are restricted to the Coast
Ranges in the Bay Area and three more occur there. The Pacific
Northwest clade arose in the Cascades/Siskiyous and Sierra Nevada
(Fig. 3) and then spread into the Coast Ranges and Rocky
Mountains. The Transverse/Peninsular clade arose in situ and
spread into the South Coast Ranges. Dispersal among the
Transverse Ranges, Coast Ranges, and Sierra Nevada is a plausible
scenario for the distribution of the combined (TP, (BA, PNW))
clade (Fig. 3). Migration around the Central Valley is also seen in
C. venustus, which originated in the South Coast Ranges and
expanded north along the Coast Ranges and east into the Transverse
Ranges and Sierra Nevada (56).

The Rocky Mountains/Great Basin is the most likely ancestral
region for the lineage formed by the remaining three clades;
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Table 1.

Predictor Estimate

GLM and spatial regression model (SRM) results for Calochortus species richness at 0.25° x 0.25° grid cells

GLM * McKelvery's pseudo-R? = 0.31, AIC = 6,506.27 » Cragg-Uhler pseudo-R? = 0.45; McFadden pseudo-R? = 0.18

# chromosome numbers 3.34E-01

Elevational range 2.13E-04
% silt (range) 2.64E-03
% clay (range) 1.20E-03
% nitrogen (range) 1.41E-03
pH (range) 7.15E-04
bulk density (bdod) range 1.04E-02
Thornthwaite’s aridity index -2.45E-03
P/PET 1.32E-04
leaf area index (LAI) range 4.55E-04
soil water content (SWC) -8.33E-03
PET seasonality -6.59E-05
Winter rainfall index 2.54E-03
Moisture seasonality index -1.88E-03
Proportion of serpentine 2.36E-01

tolerators

SRM « Nagelkerke pseudo-R? = 0.81, AIC = 4,350.3 + Rho = 0.42893,

# chromosome numbers 8.27E-01

Elevational range 7.35E-04
% silt (range) 5.23E-03
% clay (range) 2.65E-03
% nitrogen (range) 2.46E-03
pH (range) -4.96E-02
bulk density (bdod) range 2.76E-02
Thornthwaite’s aridity index 1.02E-03
P/PET -4.25E-05
PET seasonality 2.07E-05
Winter rainfall index -3.71E-03
Moisture seasonality index 1.66E-02
Proportion of serpentine 1.66E-02

tolerators

SE z Pr(>|z])
2.61E-02 12.77 2.00E-16
7.38E-05 2.89 0.004
6.41E-04 4.12 3.77E-05
6.12E-04 1.96 0.050
4.01E-04 3.52 0.0004
8.14E-03 0.09 0.93
3.65E-03 2.86 0.0042
3.93E-03 -0.62 0.534
2.58E-04 0.51 0.61
7.62E-04 0.60 0.55
4.11E-03 -2.03 0.043
1.45E-05 -4.55 5.50E-06
1.26E-03 2.01 0.045
5.70E-03 -0.33 0.742
5.82E-02 4.05 5.13E-05

LR test value: 324.05, P < 0.001; Wald statistic = 406.44, P < 0.001

2.97E-02 27.838 2.20E-16
7.91E-05 9.287 2.20E-16
6.48E-04 8.074 6.66E-16
5.91E-04 4.490 7.14E-06
4.05E-04 6.072 1.27E-09
7.81E-03 -6.358 2.04E-10
3.60E-03 7.651 2.00E-14
2.44E-03 0.416 0.677
2.60E-04 -0.164 0.870
3.18E-05 0.651 0.515
2.85E-03 -1.301 0.193
7.85E-03 2.119 0.034
7.35E-02 0.226 0.821

Predictor variables were selected after removing those correlated at <0.7 threshold based on Pearson correlation coefficient and selected by step AIC.

given the age of the Rockies, it is unsurprising that it is also a
common element in the origin of the Calochortus crown (Fig. 3).
The rise of the RMGB clade in the Great Basin is suggested by
the presence there of two early divergent lineages (nurtallii-
ciscoensis-aureus, ﬂmbiguus-gunnisonii-macrocarpus). Occurrence
of the Calochortus crown group in the southern Great Basin
[including the Sonoran Desert starting about 8 Mya (57)] would
have allowed dispersal under earlier, more mesic conditions
across small gaps now covered by deserts (in southwest CA,
southern AZ, northern Sonora) into the Transverse Ranges and
northern Mexican mountains, providing access to the ancestral
areas for other clades. Mountain ranges and their foothills prob-
ably helped shape the current distribution and past dispersal of
Calochortus because they are associated with greater precipitation
and lower evaporation, and thus provided more mesic habitats
and corridors in semi-arid regions of the western US and Mexico
exposed to past cycles of aridification.

Evolution of Chromosome Number and Serpentine Tolerance.
From an ancestral n = 9, we infer six shifts in base chromosome
number, in the Pacific Northwest + Bay Area clades (n = 10), the
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California clade (n = 7), and the Rocky Mountain clade (n = 8,
then n = 9 and twice for n = 6) (SI Appendix, Fig. S7). Species
of these clades with divergent chromosome numbers overlap
in distributions in the Coast Ranges, Sierra Nevada, Transverse
Ranges, Peninsular Ranges, and northern Rocky Mountains,
contributing to local and global diversity in Calochortus.

We estimate five origins and 13 losses of serpentine tolerance
in the Pacific Northwest, Bay Area, Transverse-Peninsular, and
RMGB clades, with gains all associated with serpentine outcrops
in California, Oregon, and Washington (S Appendix, Fig. S7).
Reversals of serpentine endemism are rare in the California flora,
but rates of reversal of serpentine tolerance are high (58).

The origins of serpentine tolerance in Calochortus are obscured by
the lack of common-garden studies to determine whether tolerance
is present in species found only in regions without serpentine (e.g.,
C. amoenus, C. concolor) or in non-serpentine populations of species
that grow on serpentine elsewhere (e.g., C. simulans, C. monophyllus).
Plants on serpentinite-derived soils must tolerate unusual soil chem-
istry (high heavy metal concentrations, low Ca:Mg ratios, low N, P,
and Ca concentrations), thin droughty soils, sparse coverage, expo-
sure to drying sun/wind, and high apparency of individual plants to
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herbivores (46, 47, 50, 59-61). Serpentine-tolerant plants are often
assumed to be competitively inferior on richer, moister, or less toxic
soils, but this tradeoff has been demonstrated infrequently under
field conditions (46, 59, 60), and is not true in all cases (59, 62).
Adaprtation to sparse competition on bare soils (46, 63) or herbivore
attack (61) have been implicated in serpentine tolerance in some
groups. Serpentine endemics are found on barer and chemically more
extreme soils than serpentine tolerators (63), and adaptation to bare
soil has been proposed as a precursor for the evolution of serpentine
tolerance (50, 61).

Two other key traits adapted to bare microsites—basal leaves
and bulbs—could preadapt Calochortus for serpentine tolerance.
Leaves held near the ground are adapted to bare or nearly bare
sites (64). Basal leaves occur across Calochortus and may partly
account for it frequently occurring on open, sparsely covered
sites—including serpentine—and being especially prominent after
fires. Bulbs are adapted to open sites in seasonally dry habitats,
especially in winter-rainfall regions (51, 52), like many areas
inhabited by Calochortus. Serpentine sites—by being open, with
soils with low organic content and water storage capacity, and thus
subject to seasonal drying in winter-rainfall areas—may give
Calochortus and other bulbous genera [e.g., Allium, Erythronium,
Fritillaria, Lilium (46, 47)] an advantage in the CFP.

Peripatry in Early Stages of Cladogenesis. Eighteen of 23 sister-
species pairs have peri-patric distributions, supporting a key model
of geographic speciation in lineages marked by limited dispersal
ability. Consistent with that interpretation, non-peripatric species
among these pairs diverged almost twice as long ago (1.44 + 0.72
Mya) as peripatric species (0.77 + 0.41 Mya). Our findings contrast
with those of Anacker & Strauss (65), who found 80% of 71 plant
sister-species pairs they examined in the CFP overlapped; 93% of
sister species did, however, exhibit shifts in habitat or soils, implying
peripatry at fine geographic scales. We found that only maximum
overlap, not overlap across all species, increased with time since
divergence over the first million years (S/ Appendix;, Fig. S11). Such
a pattern might reflect the amount of time required for species to
diverge sufficiently in ecology and mating barriers to permit ovetlap,
and the tendency for more distantly related species, in different
clades, to have dispersed to different regions and exhibit no spatial
overlap at all. Harrison (66) found a pattern in animals like that
in Calochortus, with allopatry/peripatry appearing to dominate in
sister species endemic to the CFP, although no formal analysis was
presented. Paralleling our findings, Drovetski et al. (67) found that—
in the Asian bird family Prunellidae—species that diverged within
the last 1.5 million years are almost always allopatric, while all older
lineages are at least partly sympatric.

Drivers of Spatial Variation in Calochortus Species Richness. In
accord with predictions, our GLM and SRM showed that the
number of Calochortus species (and PD) in 0.25° x 0.25° cells
increased significantly with local heterogeneity in elevation, soil
characteristics, and chromosome base numbers. In the GLM
Calochortus species richness also increased significantly with %
winter rainfall and % serpentine-tolerant species and decreased
with mean soil water content.

Topographic relief might be seen as a master driver of local species
richness in Calochortus, given its impacts on elevational, climatic,
and soil heterogeneity, creation of extrinsic habitat barriers to gene
flow, and buffering of populations against extinction during climatic
fluctuations. Qi & Yang (68) found that elevational heterogeneity
was the most important determinant of local species richness of
vascular plants in California landscapes. During glacial and inter-
glacial periods, species in mountainous areas need only migrate a
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few hundred meters down- and upslope (69), a key consideration
given Calochortus'limited dispersal ability. Such buffering and ver-
tical rather than horizontal migration in mountainous areas may
account for why many sister species in Calochortus remained peri-
patric despite large temperature fluctuations during glacial cycles
over the past million years.

Perhaps our most surprising result is that variation in base chro-
mosome number (providing reproductive isolation) plays as impor-
tant a role in driving local species richness in Calochortus as
environmental heterogeneity (providing ecological isolation and
resource partitioning). Previous studies have shown the importance
of reproductive isolation in determining whether close relatives can
coexist. For example, differences in mast-fruiting years or flowering
time within years allow various groups of oaks to coexist (70, 71)
and permit the evolution of niche differentiation by largely pre-
venting gene flow between closely related species (39). Closely
related, interfertile Eucalyptus species rarely co-occur, and repro-
ductive isolation appears more important than ecological isolation
(e.g., habitat partitioning) in determining species co-occurrence
(72). In Calochortus, the karyotypic signal associated with coexist-
ence is strong, and persists when combined in analyses involving
ecological predictors of species richness. Showing that the effects
of chromosome number on local diversity are only direct, via the
reproductive isolation provided by divergence in chromosome
number—or partly the result of putative but inevident ecological
differences that might have arisen after clades became reproduc-
tively isolated by different chromosome numbers—requires more
study. On general principles, reproductive isolation is likely to be
the key mechanism allowing geographic overlap between lineages
soon after they diverge in chromosome number. Sobel et al. (9)
argue that karyotypic mutations must be accompanied by ecological
shifts if they are to spread, but this may not be true if such mutations
arise in allopatry and become fixed, especially in selfing, inbred, or
poorly dispersing taxa (described in the introductory paragraphs).

Increases in Calochortus species richness (and PD) with local
range in soil characteristics can be interpreted simply as resource
partitioning of a greater environmental space. But areas with a
greater range in % silt and % clay content also often have higher
mean % silt and clay contents as well. Such soils provide greater
nutrient and moisture supplies than sandier soils and help ensure
high photosynthetic rates per leaf mass—and thus, to repaying
the costs of bulb and leaf construction during the short photo-
synthetic season of bulbous plants.

Serpentine tolerance arose multiple times in Calochortus and
added substantially to its diversity, with 10 species endemic to ser-
pentine substrates. Serpentine adaptation is a notable part of
Calochortus’ ecogeographic radiation in habitat and geographic dis-
tribution, adding 16% to the set of species not restricted to serpen-
tine, and 23% to the species never found on serpentine; in all, 41%
of Calochortus species have invaded ultramafic substrates. The abrupt
shift in soil chemistry and plant coverage at the edge of serpentine
outcrops means that speciation associated with serpentine can occur
at fine spatial scales. This can be seen in C. tiburonensis (restricted
to an outcrop <1 km across at Ring Mountain, Marin County),
C. raichei (restricted to an outcrop <13 km long at The Cedars,
Sonoma County [R. Raiche, pers. comm.]), and several species in
the Siskiyous (each restricted to outcrops < a few tens of km across).
While serpentine adds to Calochortus regional diversity, speciation
rates on serpentine across several California clades are significanty
lower than those on other substrates (58).

Dispersal appears to have played an important role in Calochortus
diversification, with at least four major clades (Bay Area, Pacific
Northwest, California, Transverse/Peninsular) having evolved after
dispersal from the ancestral Rocky Mountains/Great Basin + Sierra

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2305228121#supplementary-materials

Downloaded from https://www.pnas.org by Thomas Givnish on February 23, 2024 from IP address 72.33.2.143.

Nevada (possibly joined by the Mexican mountains). Immigration
also appears to have influenced the location of hotspots of species
richness in the Transverse Ranges, Coastal Ranges, and Sierra Nevada
of the CFP. One subclade of eight species (clavatus, concolor, kennedyi,
panamintensis, invenustus, excavatus, bruneaunis) of the RMGB clade
immigrated to the CFP after that clade arose in the Rocky Mountain/
Great Basin, and the 13 species of the California clade also invaded
or persisted in the CFP after that clade arose in Rocky Mountains/
Great Basins or Rocky Mountains/Great Basin + Cascades/Siskiyous
+ Transverse/Peninsular Ranges. Both clades evolved chromosome
numbers (n = 8 and n = 7, respectively) that differed from those of
the Bay Area and Pacific Northwest clades (n = 10) and the
Transverse/Peninsular Ranges (n = 9) that arose in the CFD, allowing
these clades to overlap and contribute nearly half the 45 species now
extant in California. Immigration of the California clade contributed
seven species to the Transverse Ranges, seven to the Coast Ranges,
five to the Sierra Nevada, three to the Peninsular Ranges, and two
to the Siskiyous. Immigration by the RMGB clade contributed six
species to the Sierra Nevada, three to the Transverse Ranges, two to
the Coast Ranges, and one to the Peninsular Ranges. In all, immi-
gration added ten species to the Transverse Ranges, nine to the Coast
Ranges, and eleven to the Sierra Nevada, the three hotspots of
Calochortus species richness. The multiplication of major clades at
the beginning of the Pleistocene 2.4 to 2.6 Mya may reflect enhanced
dispersal, then isolation by drier areas as glacial-interglacial climatic
differences became far more marked than in the Pliocene. The ring
of mountain chains surrounding the Central Valley likely contributed
to high Calochortus diversity in California via initial differentiation
within topographically complex cordilleras and subsequent dispersal
to and through other, relatively mesic montane areas, facilitated by
ecological heterogeneity and intrinsic mating barriers in Calochortus
created by divergence in chromosome number.

Our analyses of Calochortus evolution integrate phylogenomics,
environmental heterogeneity, mating barriers based on karyotypic
differences, geological history, and historical biogeography to account
for spatial variation in species richness. The drivers of spatial variation
in Calochortus species richness we identified may also provide a model
for aspects of diversification of the entire California flora. The three
hotspots for Calochortus species richness — the Transverse Ranges,
Coast Ranges, and Sierra Nevada (Fig. 1)—correspond to those for
all vascular plants native to California (45) and the CFP (73). This
concordance reflects peaks in elevational, climatic, and edaphic het-
erogeneity in these areas, and perhaps immigration by lineages into
these areas from other areas, paralleling those in Calochortus. Indeed,
the Transverse Ranges hotspot (Fig. 1) lies astride the greatest con-
centration of major physiographic regions in the CFD, including the
Peninsular Ranges, Coast Ranges, Central Valley, Sierra Nevada, and
Great Basin—presumably facilitating immigration of species from
several other regions. The greatest concentrations of Calochortus spe-
cies within the three hotspots are associated with areas of extensive
serpentine outcrops in the Bay Area, North and South Coast Ranges,
Sierra Nevada, and westernmost Transverse Ranges, reflecting adap-
tation of Calochortus and other bulbous plants to open/partly open
vegetation on such substrates (51, 52). Peaks of Calochortus diversity
are absent from the Siskiyous, which include the largest serpentine
outcrops in western North America, but the extensive, dense, ever-
green forest canopies of the high-rainfall Siskiyous militate against
Calochortus. Immigration appears to be the most likely explanation
for high numbers of Calochortus in the central and eastern Transverse
Range. Overall, our findings support conclusions by Baldwin (45)
and Thorne etal. (73) that topographic and edaphic complexity
(including serpentine) are major drivers of plant diversification and
species richness in California. Our study adds chromosomal number
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evolution and migration as being of equal importance in Calochortus
diversification.

Diversification in Calochortus may have direct parallels in other
lineages. Erythranthe (part of Mimulus s. 1.) also has a center of
diversity in the CFD, occupies steep environmental gradients in
mountainous areas, exhibits para- and peripatric speciation, dis-
plays serpentine tolerance and endemism, includes clades with a
dysploid series of chromosome numbers, and has a rich history of
ecological and genetic studies of speciation (74, 75). It would be
exciting to study the drivers of Erythranthe diversification and local
diversity to see whether patterns like those seen here in Calochortus
emerge.

Methods

sampling. We included 1to 2 samples per species and subspecies; herbarium
vouchers for new samples were deposited in the herbaria noted in S/ Appendix,
Table S9. Total genomic DNAs were extracted from silica-dried leaf or floral tis-
sue using DNeasy plant kits (Qiagen, Valencia CA) following the manufacturer's
instructions. We included all extant Calochortus species except extremely rare
C. rustvoldii [known from only two sites/pixels in the western Transverse Ranges
(76))]; including it would little affect our analyses.

Library Preparation. We prepared lllumina sequence libraries for 158 samples
(156 Calochortus and 2 outgroups) following Lemmon et al. (77-79). We used
a Covaris ultrasonicator (with reduced time for degraded samples) to fragment
DNA to 140 to 400 bp; performed end-repair and A-tailing, ligated common
lllumina adapters onto the template DNA ends using a Beckman Coulter FXp
liquid-handling robot, and performed indexing PCR.

AHE Probe Design. Following Hamilton et al. (80) and Banker et al. (81),
we developed hybrid enrichment probes for Lobelia and Lilium. We mapped
sequences from two assembled transcriptomes—Lobelia siphilitica (from
E. Carpenter) and Lilium superbum (from J. Leebens-Mack and C. dePamphi-
lis)-to probe sequences from 27 references of the Angiosperm V1 AHE design
(82, 83). Mapped transcriptome sequences were aligned to Angiosperm V1
reference sequences using MAFFT v7.023b (84). We used Geneious R9 (85)
to visually inspect alignments, remove transcriptome sequences that were not
clearly homologous, and trim transcriptome sequences to exons represented
by the 27 reference sequences. Probes were tiled uniformly at 2.7 x density.
This probe set (Angiosperm V2 AHE) design contains 29 references (57,471
probes), including transcriptomes representing Lobelia and Lilium.

Toimprove phylogenetic resolution within Calochortus, we utilized data from
two more species and expanded the targets into regions flanking the exons in
Angiosperm V2 AHE. We first collected whole-genome sequence data (lllumina
paired-end 200-bp protocol) for Calochortus albus (160M reads) and C. flexuo-
sus (536M reads). We then used methods and scripts from Banker et al. (83)
to identify loci and design probes. After merging overlapping reads following
(86), we mapped merged reads to probe sequences from Angiosperm V2 AHE
using Liliaceae as a reference. After extending consensus sequences into flanking
regions using iterative mapping (80, 81), we aligned by locus the resulting con-
sensus sequences to the reference, using Geneious to visually inspect alignments
and trim poorly aligned regions from alignment ends. We removed 27 of the
517 alignments to ensure target loci did not overlap. After masking repetitive
regions (80), final alignments contained 375,527 sites. Tiling 120 bp probes at
4.5x density for both references produced 16,600 probes. We used this probe
set (AHE Cal1) to produce an Agilent Technologies Custom SureSelect XT kit for
hybrid DNA enrichment.

Library Enrichment and Sequencing. We pooled indexed libraries in groups
of 16 before enriching with the probe kit just described. Before sequencing,
we pooled enriched libraries and assessed quality by Kapa qPCR (Roche). We
sequenced samples onan Illumina NovaSeq6000 at Florida State with a PE-150
bp protocol and 8-bp (dual) indexing. After filtering poor-quality reads with the
[llumina CASAVA v1.8 high-chastity filter and demultiplexing, we obtained an
average of 5.4M read pairs per sample (~1.6 Gb).
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Nuclear Assemblies and Alignment. We processed reads, corrected sequenc-
ing errors, and trimmed adaptors following (80, 81, 86). Assembly used a quasi-de
novo approach, mapping reads to probe-region sequences for both Calochortus
species in the Cal1 design. We used the resulting consensus sequences with
=98x coverage to determine orthology (80) and then formed orthologous clus-
ters and removed clusters containing <50% of the individuals, resulting in 294
loci analyzed. For each locus, we aligned sequences in Mafft v7.023 and then
trimmed/masked alignments with an automated procedure (80) using default
parameters (i.e., MINGOODSITES=14, PROPGOOD=0.5). We verified alignment
quality by inspecting the alignments in Geneious. Upon manuscript acceptance,
accession codes will be provided for raw reads in the Sequence Read Archive and
sequences and alignments in GenBank.

Plastome Assemblies. We used getOrganelle (87) for de novo assembly of a
Calochortus venustus plastome from lllumina short reads and Oxford Nanopore
long reads (88). We used this plastome for subsequent reference-based assem-
blies. Raw reads were trimmed using Timmomatic ver. 0.40 (89) with the simple
clip threshold (2:30:10) for adaptors and quality-trimmed based on a 5-bp slid-
ing window with a minimum Phred score of 20. Reads were mapped against the
reference plastome using BWA with the bwa mem algorithm (90). The resulting
bam files were sorted, PCR duplicates removed, SNPs phased, and merged using
SAMtools ver. 1.3 (91). Resulting plastomes were aligned using MAFFT.

Phylogenetic Inference. We inferred maximum-likelihood phylogenies for
plastomes, each nuclear locus, and concatenated nuclear genes using 1Q-TREE
(92) with 100 bootstrap replicates, implemented with ModelFinder (93) to select
appropriate models of nucleotide substitution. Gene trees were used to infer a
species tree with ASTRAL-111(94) after collapsing nodes in gene trees with <20%
bootstrap support. We used IQ-TREE to estimate gCFs, representing the percent-
age of gene trees that support each clade, and sCFs representing the percentage
of decisive sites supporting each clade (95). We used Prosartes lanuginosa and
Scoliopus bigelovii as outgroups (see ref. 96).

Time-Calibrated Phylogeny. We used BEAST2.6.6(97)to calibrate the ASTRAL-
Il phylogeny against time employing five plastid genes (atpB, psaA, psbD, rbcL,
1ps4s) extracted from assembled plastomes using custom BLAST (98). Given
the lack of fossil calibration points in Liliales, we spliced our Calochortus tree
into the across-monocots chronogram (99) pruned to Liliales using ape v5.6
(100). The branching topology of Calochortus and closely related Liliaceae s.s.,
Tricyrtis, and Streptopus was modified to that of Lu et al. (96) based on complete
plastomes. We enforced prior calibrations at crown Liliales (110.53 My) and
Liliaceae (42.74 My), each with a SD of 2 My and a normal distribution based on
the 95% Cl of (99). The birth-death tree prior was applied with an uncorrelated
relaxed lognormal clock and GTR model. Site model parameters included four
gamma categories, a gamma shape distribution of 1.0, estimated proportion of
invariant sites, and empirical frequencies. We conducted two independent runs,
each with MCMC chain length of 100,000,000 iterations, logged every 10,000
generations. A maximum clade credibility tree was inferred after a burn-in of
50% using TreeAnnotator in BEAST 2.6.6. We repeated this process using the
nuclear phylogeny as a constraint and reran the dating analysis with additional
secondary priors assigned to the Calochortus stem and crown from the plastome
chronogram (SI Appendix, Fig. S4). The resulting Cl for the primary geographic
clades between the nuclear and plastome chronograms were overlapping, so
subsequent analyses used the nuclear tree only.

Diversification Rates. We applied BAMM (101) to our nuclear chronogram
pruned to one exemplar per species, excluding subspecies, to infer shifts in
diversification rates. Priors were generated using BAMMtools (102) for four
independent MCMC chains run for 100M generations and logged every 10,000
generations. Convergence was assessed using CODA (103). We assessed 1 to
3 possible diversification shifts and compared resulting log likelihoods for the
best-fit model.

Biogeographic Analyses. Ancestral biogeographic ranges were inferred using
BioGeoBears (104). Discrete geographic areas were defined based on floristic
affinities and geographic features (i.e., mountainous regions) to which species
of Calochortus are generally restricted. These included A) Rocky Mountains,
Great Basin, Columbia Plateau, Colorado Plateau, and Sonoran Desert; B) Sierra
Nevada; C) Cascades, Klamath-Siskiyou Mountains, and Columbian Plateau;
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D) North and South Coast Ranges; E) Transverse and Peninsula Ranges, and F)
Mexican mountains (Sierra Madre Occidental, Sierra Madre Oriental, Sierra Madre
del Sur, Trans-Mexican Volcano Belt), and Chihuahuan Desert. We applied DEC
(dispersal-extinction-cladogenesis), DEC+J [DEC plus jump-speciation (52)], and
DIVALIKE [dispersal-vicariance analysis (105)] models in BioGeoBears using a
time-stratified analysis with time periods at 3.5 My, 6.0 My and 10.5 My and
adjusted dispersal probabilities (S/ Appendix, Table S10) based on mountain-
building history (S Appendix, Table S8) and ages of faults causing the Peninsular
Ranges to splitand slide northward from the Sierra Madre Occidental (106) and of
emergence of Sonoran-Desert climate in the southwest Great Basin (57); delay in
the latter facilitated dispersal among the Peninsular/Transverse Ranges, Mexican
mountains, and Great Basin. Ancestral taxa were allowed to occupy no more than
three areas, and combinations of non-adjacent areas (e.g., Pacific Northwest and
Mexico) were excluded. Log likelihoods and AIC scores were used for final model
selection.

Ancestral Trait Estimation. Ancestral states for serpentine tolerance were
inferred using the maximum-likelihood Markov-k model implemented in
corHMM (107). We used equal rates, symmetric rates, and all rates different
models of trait evolution. The best model for each trait was selected using Akaike
weights derived from the AIC score of each model, with and without the root state
estimated (108). Serpentine tolerance was scored (S/Appendix, Table S11) based
on published sources (41-47,109; S/ Appendix, Table S11), including serpentine
endemics (specialists restricted to serpentinite-derived soils) and serpentine toler-
ators (generalists found on both serpentinite and non-serpentinite soils) (58, 59).

Ancestral chromosome numbers were inferred using ChromEvol v2.2
(110, 111) given published chromosome numbers (S Appendix, Table S11).
Chromosome counts were available for 40 of 73 (55%) taxa in our phylogeny.
Two species with reported intraspecific variation were assigned all counts. We
implemented ten likelihood-based models of chromosomal evolution (mainType
=All_Models) using the BEAST maximum credibility tree with all parameters set
at default; the best-fit model was determined by comparing AIC values.

Species Occurrences and Environmental Data. We extracted Calochortus
species occurrence records from GBIF (GBIF.org), including only records
representing preserved specimens using rgbif ver. 3.7 (112). Records were
cleaned using CoordinateCleaner (113). Misidentified or invalid points were
pruned using isolation forests with an anomaly score threshold of 0.75 based
on their environmental occupancy (see below) using the R package solitude
(https:/lcran.r-project.org/web/packages/solitude/index.html). The remaining
points were manually curated in QGIS (https://docs.qgis.org/3.22/en/docs/
user_manual/index.html).

For each occurrence coordinate we compiled 42 environmental varia-
bles derived from topographic, soil, and climate data or custom indices
(SIAppendix, Table $12). Elevation was obtained from the NASA Shuttle Radar
Topography Mission at 90-m resolution; soil data, from the ISRIC SoilGrids
global soil database, including % sand, silt, and clay, nitrogen content, and pH
at 5-to 15-cm depths; temperature and precipitation, based on the 19 BioClim
variables from WorldClim (http://www.worldclim.org/bioclim); the CGAIR-CSI
global aridity index; P/PET (the ratio of mean annual precipitation to mean
annual potential evapotranspiration); a drought index based on monthly VPDs
and soil water contents; and several additional variables from the ENVIREM
dataset, including seasonal PET and Thornthwaite aridity index. We created a
custom winter rainfall index (% annual precipitation falling from November
to March) and a custom moisture seasonality index (SD of mean precipitation/
PETin each quarter).

Species Co-Occurrence and PD. Geographic grid cells were created across
Calochortus'range, using the United States and Mexico as the geographic extent,
and species occurrence records overlaid using the R package sf(114). We tested
sensitivity to spatial scale by using grids of 0.25° and 0.1° resolution. Results
were qualitatively similar; therefore, in most cases, we present only results from
the 0.25° analyses. We quantified spatial overlap per grid cell between species
pairs using the Pianka index (115) implemented in spaa ver. 0.2.2 (116). We
calculated the geographic distance between each pair of species as the hav-
ersine distance of median latitude and longitude for their geographic ranges.
We used linear regression to relate overlap and geographic distance to time
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since divergence. Using overlap matrices at the 0.1° and 0.25° resolutions, we
sorted entries by time since divergence from 0 to 1 My; binned those entries
at 0.1 and 0.25 My intervals, chose the points with maximum overlap in each
interval; and used linear regression to estimate maximum overlap as a function
of time since divergence.

PD of grid cells was calculated as PD.,, - the standardized effect size of Faith's
PD, which incorporates species richness and the relationships of the lineages
presentwhile factoring out null expectations for lineage diversity at the observed
species richness - using the R package picante (117).

Peripatry, allopatry, and partial/complete sympatry) of sister species in the
ASTRAL phylogeny were scored (S/ Appendix, Table S5) using species ranges
given by (41, 44, 109; see SI Appendix, Fig. S10 for distribution maps based
on GBIF data). Peripatry involves abutting or close to abutting species ranges
(<5% overlap in ranges or ranges closer than 100 km), in contrast to allopatry
(no overlap in geographic range) or partial or complete sympatry (>5% overlap
in geographic range).

Predictors of Species Richness. For each cell, we quantified species richness
(the number of Calochortus species present based on GBIF data) and predictors
of species richness after removing all but one correlated environmental variable
of interest (justification of predictors is provided in the introductory paragraphs)
among those with |r] > 0.70 based on Pearson's correlation coefficient. If mul-
tiple accessions of the same species existed within a given grid, we utilized the
mean value of predictors to calculate within-cell ranges (maximum-minimum)
of elevations occupied, soil parameters, aridity index (P/PET, where P is annual
precipitation and PETis annual potential evapotranspiration), PET seasonal diver-
sity, winter rainfall index (percent of annual rainfall occurring within November-
March), moisture seasonality index, counts of different chromosome numbers
among species present, and serpentine index (% of serpentine-tolerant species).

We constructed GLM in /me4 (118) to evaluate predictors of species rich-
ness. We fit a Poisson error distribution, checked for overdispersion by plotting
standardized deviance residuals against predicted counts, and calculated the
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McKelvery-Zavoina pseudo-R2 (119, 120).To account for spatial autocorrelation
(variables in adjacent cells being more similar than expected by chance), we
tested for spatial autocorrelation using Moran's |, extracted model residuals, and
added them to our GLM dataset to adjust for spatial autocorrelation via a SRM
using spData (121) zero policy given some cells have no neighbors. We tested
for the best-fit spatial model applying a lag model, error model, sac model, and
spatial Durbin model.

Data, Materials, and Software Availability. Raw reads have been deposited
in the NCBI Sequence Read Archive under BioProject PRINA1069663 (122).
Alignments, trees, and analysis scripts have been deposited in the Dryad Data
Repository at DOI: 10.5061/dryad.kwh70rzbw (123). All other study data are
included in the article and/or S/ Appendix.
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