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Understanding the processes that enable organisms to shift into more arid environments
as they emerge is critical for gauging resilience to climate change, yet these forces remain
poorly known. In a comprehensive clade-based study, we investigate recent shifts into
North American deserts in the rock daisies (tribe Perityleae), a diverse tribe of desert
sunflowers (Compositae). We sample rock daisies across two separate contact zones
between tropical deciduous forest and desert biomes in western North America and
infer a time-calibrated phylogeny based on target capture sequence data. We infer biome
shifts using Bayesian inference with paleobiome-informed models and find evidence
for seven independent shifts into desert habitats since the onset of aridification in the
late Miocene. The eatliest shift occurred out of tropical deciduous forests and led to an
extensive radiation throughout North American deserts that accounts for the majority of
extant desert rock daisies. Estimates of life history and micro-habitat in the rock daisies
reveal a correlation between a suffrutescent perennial life history and edaphic endemism
onto rocky outcrops, an ecological specialization that evolved prior to establishment
and diversification in deserts. That the insular radiation of desert rock daisies stemmed
from ancestors preadapted for dry conditions as edaphic endemics in otherwise densely
vegetated tropical deciduous forests in northwest Mexico underscores the crucial role
of exaptation and dispersal for shifts into arid environments.

adaptation | biome-shifts | deserts | edaphic specialization | pre-adaptation

Desert biomes cover nearly a fifth of earth’s surface and are predicted to expand as a result
of climate change (1, 2). Yet, we still have much to learn about the potential for biotic
communities to adapt to new levels of increased aridity. Compared with other biomes,
many deserts emerged recently on a geological timescale (3); therefore, their endemic biota
provides an ideal system for understanding the organismal potential to fill novel environ-
ments created by future climate change. North American (NA) deserts cover most of the
southwest U.S. and northern Mexico (4) and appeared for the first time in scattered,
ephemeral pockets as recently as the late-Miocene during Neogene uplift (5 to 7 Ma) and
then expanded during the Pliocene (2.4 to 5 Ma) (5). Despite their recent origin, NA
deserts contain a diverse and endemic flora and fauna endowed with striking abilities to
escape or tolerate their harsh, arid climate whose origins have been a topic of debate among
evolutionary biologists for decades (6, 7). Examples of evolutionary adaptation showcased
by desert plants include the ephemeral annual lifestyle, and the many types of unique,
stunted, thorny, or succulent vegetative growth forms that are features well-suited for
drought tolerance or escape (4, 8). Most commonly, these features are attributed to rapid
adaptive evolution in response to the environmentally stressful conditions that characterize
deserts: unpredictable precipitation, extremes of temperature, and coarse, rocky soils (9).
Yet, this explanation has been difficult to reconcile with the recent emergence of deserts
and the age of origin of iconic desert plant lineages in the Oligocene supported by time-cal-
ibrated phylogenies and the fossil record (10-12). An alternative explanation is that desert
plants evolved by exaptation in arid microsites, such as rain-shadows or rock outcrops,
within the moist forests of older biomes, and then spread and diversified when the climate
became cooler and drier (7). Thus, transitions into desert biomes may have been accom-
plished by rapid adaptive evolution, or organisms preadapted to novel conditions within
neighboring biomes may have dispersed into arid environments as they emerged (13).
While the phylogenetic and statistical tools needed to tease apart the roles of adaptive
evolution and dispersal during biome shifts have grown substantially in recent years, testing
these alternative hypotheses continues to pose a challenge because of the difficulty in pin-
pointing when and where evolutionary events of particular importance happened from con-
temporary data (14). Phylogenetic studies set within a paleobiome and paleogeographically
informed framework have the potential to resolve when and where biome shifts have occurred
in the past (15). Yet, rapid adaptation or exaptation, by definition, implies both an
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evolutionary transition in form as well as a shift in ecological context.
Only comprehensive clade-based studies integrating both extrinsic
(environmental) and intrinsic (trait) data into a time informed con-
text can provide the varied lines of evidence needed to evaluate
hypotheses about the mechanisms underlying biome shifts (14).
Here, we investigate biome shifts into NA deserts using a uniquely
comprehensive study of rock-daisies (tribe Perityleae) of the sun-
flower family (Compositae). We infer shifts into desert biomes using
Bayesian inference with paleobiome-informed models, then draw
upon unique life-history traits closely tied to microclimate specificity
to build an integrative understanding of ecological transitions and
trait evolution through time for 73 out of 84 species of rock
daisies.

The evolution of the megadiverse sunflower family is closely
tied to the emergence of arid biomes worldwide, but compared
with other dryland plant groups, such as legumes, cacti, or grasses,
few studies have examined ecological transitions to arid climates
in desert Compositac (10, 16-18). Rock daisies are one of the
most diverse groups of composites found in the NA deserts, and
their range extends to tropical deciduous forests adjacent to desert
in northwest mainland Mexico and the Baja California peninsula
(19, 20). Disjunct populations are also present in the Atacama
Desert in Chile (19, 20). Within the NA deserts, rock daisies show
characteristics suggestive of an insular radiation, including high
species diversity, geographic speciation, divergent life-history strat-
egies, and specialization into disparate ecological niches (20, 21).
A remarkable aspect of this group’s natural history is the extreme
edaphic specialization demonstrated by some taxa, which grow
exclusively on bare, rocky outcrops and cliffs on the slopes of desert
mountains. Rock daisies associate with bare rock of diverse types

(lithologies) in both desert and tropical habitats. Growth on solid
rock may be facilitated by a specialized life-history trait, a peren-
nating woody caudex lodged into cracks or crevices from which
herbaceous shoots resprout annually (suffrutescent perennial life
history, Fig. 1). Other rock daisies lack this trait and these may be
multibranched woody shrubs, herbaceous perennials, or annuals,
including some of the most abundant ephemeral wildflowers
(e.g., Perityle emoryi Torr., Perityle californica Benth., Galinsogeopsis
spilanthoides Sch. Bip.) found in the seasonal blooms of low deserts
in favorable years (19, 20). As in other groups of Compositae,
rock daisies show biological attributes conducive to the coloniza-
tion of stressful niches, including habitual breakdown of repro-
ductive self-incompatibility, a generalized pollination strategy,
diverse secondary metabolite chemistry, glandular foliage, and
rapid pappus (calyx) evolution, which serves a dual function for
dispersal to isolated habitats and defense against seed predation
(19, 21). Rock daisies are also rare; with >30% of species listed as
vulnerable, imperiled, or critically endangered according to
NatureServe (22), they have one of the highest proportions of
at-risk taxa of any group of desert plants in western North America.

The ecogeographic range, breadth of ecological specializations,
and life-history variation exhibited by rock daisies makes them an
ideal group to study the roles of adaptive evolution and dispersal
on biome shifts into the NA deserts; however, a densely sampled
phylogeny of this lineage has only recently become available (21).
A robust phylogeny for rock daisies based on target capture using
the Conserved Compositae Ortholog set (COS) (21) formed the
basis for recent reclassification of the group into 9 genera (20).
Phylogenies based on target-capture data have proved useful in
resolving relationships in this group at a variety of scales, but more

Fig. 1. Habit and habitat diversity of rock daisies (Perityleae). (A) Laphamia cordifolia; (B) Laphamia villosa; (C) Laphamia lobata; (D) Laphamia cochisensis;
(E) tropical deciduous forest with bare, rocky outcrops in the Sierra Madre Occidental in Sonora, Mexico; (F) Laphamia cernua; (G) Galinsogeopsis spilanthoides;

(H) Perityle cuneata var. cuneata; (/) Perityle rotundifolia; Photos by ILM.
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sampling has been needed to fill gaps in previous phylogenies.
Here, we describe the results of the most densely sampled phy-
logenetic study of rock daisies to date based on target capture of
73 out of 84 recognized species. We employ our improved reso-
lution of relationships to test hypotheses regarding shifts into
desert biomes and onto harsh edaphic substrates, with a focus on
the texture and structure axis of edaphic environments, rather
than chemical properties. Specifically, we test whether transitions
to key functional traits for enduring arid conditions occurred as
an adaptive response to the environmentally stressful barriers pre-
sented by desert habitats, or whether rock daisies that were prea-
dapted (exapted) to arid conditions on edaphically bare microsites
within older biomes dispersed into deserts with corresponding
trait evolution already in place.

Results and Discussion

Insights into the Evolutionary and Biogeographic History of the
Rock Daisies. Does phylogenomic-scale data resolve relationships
among the rock daisies? Phylogenies of rock daisies based on a
concatenated data matrix of 1,419,391 bp of orthologous nuclear
loci were highly resolved at most nodes for both maximum
likelihood (ML) and Bayesian inference (BI) approaches and
congruent with each other, as well as with previously published
phylogenies of rock daisies based on COS loci (S Appendix,
Figs. §2, S5, and S6; 21). Sampling of almost all recognized
taxa allowed for the most comprehensive understanding of
evolutionary relationships among rock daisies yet (S Appendix,
Fig. §2). Conspecific samples clustered together for most taxa,
but many were found to be nonmonophyletic, suggesting the
presence of multiple cryptic lineages in need of taxonomic follow-
up. Lack of resolution within individual loci or discordance due
to ILS and introgressive hybridization was in evidence in our
pseudocoalescent phylogenetic analysis, with a major topological
difference between the pseudocoalescent tree and the concatenated
analysis being the placement of the widespread allopolyploid
P emoryi, which resolves as nonmonophyletic and sister (in
part) to Laphamia in our pseudocoalescent tree but as nested
in Perityle with high support in all other analyses (S7 Appendix,
Figs. S5-S7). Nonmonophyletic taxa grouped together within
biomes, edaphic habitats, and life-history types, such that cryptic
diversity was unlikely to bias character coding or influence
transition rates presented in this study. However, in producing
a reduced sample for divergence-time estimation that included
only one terminal per taxon, individuals were retained from each
independent evolutionary lineage when taxa were found to be
nonmonophyletic.

Do estimates of the timing of rock daisy evolution show con-
cordance with major paleogeographical and paleoecological
events? In our reduced sample, maximum-clade-credibility
time-calibrated phylogeny, the root node corresponding to the
most recent common ancestor of tribes Perityleac+Eupatorieae
and Helianthus annuus L. was inferred to have a median age of
15.8033 Ma [9.6371 t0 20.8277 Ma, 95% HPD] and agrees with
the range of times found in previous dating analysis of the
Heliantheae alliance (23, 24, SI Appendix, Fig. S3A). The split
between the two major lineages of rock daisies is inferred at
12.5643 Ma [7.7409 to 17.1751 Ma, 95% HPD] and shows
remarkable correspondence in timing with estimates of splitting
of the Baja California peninsula from mainland Mexico
(25, SI Appendix, Fig. S3B). Indeed, a cladogenetic (subset sym-
patry) event resolved at this node separates the principal radiations
of rock daisies, which have distributions centered on mainland
Mexico and Baja California, respectively (SI Appendix, Fig. S4A).
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Recent paleobiome studies based on fossil, pollen, and imputed
climatological data infer a range of first emergence of widespread
desert habitats in western NA -5 to 7 Ma, with climatic cooling
and aridification leading to further spread of arid environments
during the Pliocene (5). For the most part, divergence events
separating the major clades of rock daisies predate widespread
climatic aridification and occur prior to dispersal into the Basin
and Range Province within more densely vegetated areas of north-
west Mexico (Figs. 2 and 3 and ST Appendix, Figs. S3C and S8).
This includes Laphamia, whose diversification onset is estimated
at 8.7917 Ma [5.3261 to 12.0393 Ma, 95% HPD] yet includes
a nested, well-supported clade that contains most desert rock
daisies, and whose most recent common ancestor corresponds
with the widespread emergence of deserts at 4.9966 Ma [3.0599
to 6.9604 Ma, 95% HPD] (Fig. 2 and SI Appendix, Fig. S3D).

Evolution of Life History and Edaphic Specialization onto Bare
Rocky Outcrops. What is the timing and tempo of shifts in life
history across the phylogeny of Perityleae? Using reversible jump
Markov Chain Monte Carlo (jMCMC) with stochastic character
mapping to infer life-history evolution indicated transition rate
asymmetries. Only transitions from suffrutescent perennials to
shrubs, perennial herbs, or annuals were inferred as significantly
different from zero (95% HPD interval not including 0;
2logBFs > 6; Table 1 and Fig. 3), suggesting homology of the
suffrutescent perennial life history across the phylogeny of rock
daisies. Model-averaged inference of ancestral states on the
maximum a posteriori (MAP) chronogram clarifies that the
suffrutescent life history evolved once early in the evolutionary
history of rock daisies and is a shared ancestral characteristic of the
clade containing Eutetras, Laphamia, Galinsogeopsis, and Pericome,
although multiple independent transitions from suffrutescent
perennials to shrubs, herbaceous perennials, and annuals occurred
more recently within this group (Fig. 3). The most recent common
ancestor of the mostly Baja California Perityle clade is resolved as
an herbaceous perennial, with many descendants of derived annual
life history and a woody shrub life history secondarily derived
coincident with dispersal to island or island-like habitats in three
cases: in Perityle carterae, Perityle socorrensis, and Perityle tenuifolius.

Is there an evolutionary correlation between life-history evolu-
tion and edaphic specialization? Edaphic endemism onto bare
rocky outcrops evolved early in the rock daisies and is resolved as
the historical ecology of the most recent common ancestor of the
clade containing Eutetras, Laphamia, Galinsogeopsis, and Pericome.
Growth on decomposed substrates is resolved as the ancestral con-
dition for genus Perityle (Fig. 2). RIMCMC-inferred transition
rates were not significantly different from zero for transitions onto
bare rocky substrates, suggesting that edaphic endemism may have
been lost many times, but once lost, was not readily regained
(Fig. 3 and Table 1). The timing and tempo of transitions to a
suffrutescent life history were mirrored by the evolution of edaphic
specialization across rock daisies, hinting at a strong evolutionary
dependence between obligate growth on bare rock and the per-
ennating woody caudex that characterizes suffrutescent perennials.
Bayesian model testing of dependent [Log-likelihood =
-51.090204] and independent [log-likelihood = -65.153530]
models of evolution of edaphic endemism and a perennating
woody caudex supported this relationship [log Bayes factor =
28.12226], suggesting very strong empirical evidence for evolu-
tionary dependence between these characters across the phylogeny.
Transitions to growth on bare rock in plants requires overcoming
multiple nonmutually exclusive abiotic and biotic challenges,
including lack of soil, increased aridity, exposure to inclement
climates, and visibility to natural enemies (28). A perennating
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Fig. 2. Establishment and diversification of the rock daisies in the North American desert biome (A) Biome map of North America based on level | ecoregions
published by the Intergovernmental Commission for Environmental Cooperation illustrating the biome-area combinations addressed in this study. Colors indicate
desertin the Basin and Range Province (brown); desert in Baja California (blue); subtropical forest in the Basin and Range Province (red); subtropical forestin the
Sierra Madre Occidental and Trans-Mexican Volcanic Belt of Mexico (“mainland Mexico,” green); frost-free, tropical deciduous forest in Baja California (pink); and
tropical habitats in mainland Mexico (purple). As defined here, biomes include a variety of minor, yet distinctive vegetation types, such as coastal plain, mangrove,
and rocky sites. Dashed lines indicate two geographically separated contact zones between tropical deciduous forest and desert biomes in mainland Mexico
and Baja California Sur. (B) Distribution of the geographically disjunct Atacama Desert (orange) in South America. (C) Maximum a posteriori (MAP) estimates of
ancestral biome-area combinations in the rock daisies inferred using the biome-shift model of Landis et al. (8). MAP estimates were compiled from 23,500 post-
burn-in iterations of MCMC in RevBayes (26). Colors at nodes indicate biome-region combinations corresponding to colors in (A), (B), and the legend provided.
Ancestral states with posterior probabilities less than 0.9 are illustrated as split circles in combination with the second most probable biome-area on the right.
Occupation of a desert biome is indicated by brown branches and biome-shifts into deserts are shown as branches with a gradient of coloration. Ecological
specialization onto bare, rocky outcrops is represented by thick branches, while habitat generalism is represented with thin branches. Shaded background
bars separate the time intervals used in our model of paleobiome and paleogeographic structure. The vertical orange bar indicates the timing of emergence of
widespread arid habitats in western North America. (D) A timeline gives the relative estimates of timing of initial life-history evolution associated with ecological
specialization, biome-shifts into deserts, and radiation of desert rock daisies in the genus Laphamia. (E-H) Landscape photographs of dominant vegetation types
in biomes included in this study. (E) Desert plain in Big Bend National Park in Texas, U.S.A. (F) Tropical deciduous forest in the Sierra de Alamos in Sonora, Mexico.
(G) Subtropical woodland in the Chiricahua Mountains of Arizona, U.S.A. (H) Temperate forest in the Sierra Madre Occidental of Durango, Mexico. Photos by ILM.

woody caudex may serve a dual function under such conditions
for anchoring in minute crevices and storing energy during harsh
seasons (29); however, prerequisite evolution of such a complex
phenotype can also explain why transitions to bare rock have
occurred only rarely in the rock daisies.

Ecological Shifts Inferred with Paleobiome-Informed Models.
What has been the timing and tempo of biome shifts in the rock
daisies? Transition rates between desert, tropical, subtropical, and
temperate biomes show asymmetries across our study group, with
the highest transition rates observed from out-of-tropical and into
desert and subtropical biomes, and the lowest a shift from tropical
to temperate biomes (Table 2). Rock daisies underwent at least
six independent shifts into desert biomes from two geographically
separate source areas (Fig. 2). Three of these occurred from out of
the Baja California peninsula and three from the Trans-Mexican
Volcanic Belt, Sierra Madre Occidental, and Pacific plain of
northwest Mexico (Fig. 3). Shifts to desert occurred from tropical
habitats in at least four cases and from a subtropical biome in at
least one case. Disjunct populations of rock daisies in the Atacama
Desert in South America arrived via long-distance dispersal

40f8 https://doi.org/10.1073/pnas.2214729120

that coincided with a biome shift from tropical environments
in southern Baja California and the neighboring Revillagigedo
archipelago. The ecological origin of desert dwelling Galinsogeopsis
ciliata and G. coronopifolia was equivocal [ subtropical origin
PP = 0.5452, tropical origin PP = 0.4122].

When and from what habitats did rock daisies shift into the
NA deserts? The vast majority (-40 spp., >85%) of desert dwelling
rock daisies stem from a single shift into the NA deserts from
tropical deciduous forests in northwest Mexico shortly after the
onset of aridification in the late Miocene (Fig. 2). In contrast,
remaining shifts into a desert climate are resolved as recent, occur-
ring along branches with little contemporary lineage diversifica-
tion. Estimation of transition rates between biomes within a
time-integrated model of biome availability and adjacency sug-
gested only moderate dependence of shifts on increasing availa-
bility of desert habitats following late Miocene aridification
[w_b =0.45, w_u = 0.303, and w_g = 0.247] (Table 2). Bayesian
model testing using fMCMC further rejects dependence on pale-
obiome structure [Log Bayes factor > 6] suggesting a model in
which shifts into dry habitats were mostly independent from the
increase in aridity through time (87 Appendix).

pnas.org
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Fig. 3. Evolution of edaphic specialization onto bare, rocky outcrops is closely correlated with a suffrutescent life history and evolved early in the evolutionary
history of rock daisies. (A) Model-averaged maximum a posteriori (MAP) ancestral state estimate of the woody shrub, suffrutescent perennial, herbaceous
perennial, and annual life histories based on 13,500 iterations of post-burn-in rjMCMC in RevBayes (26); (B) MAP ancestral state estimate of strict edaphic
endemism on bare rock and habitat generalism in the rock daisies based on 13,500 iterations of post-burn-in jiMCMC in RevBayes (26); (C) Inferred transition
rates (95% HPD intervals) between life histories. A blue color indicates strong support for a nonzero transition rate (2log Bayes factor > 6), while an orange color
indicates equivocal support for a transition rate being significantly different from zero (2log BF < 2). (D) Posterior density estimates of transition rate asymmetries
between obligate growth on bare rock (bare rock specialism) and occurrence on decomposed substrates (habitat generalism). Inferred transition rates (95%

HPD intervals) are color coded following the key provided in (C).

Edaphic Specialization onto Bare Rocky Outcrops as a Precursor
to Establishment and Diversification in a Desert Biome. Did life
history evolution associated with edaphic specialization precede
establishment of the rock daisies in a NA desert biome? The
variable and extreme conditions found in deserts present great
challenges for plants, with the lack of water and coarse, rocky
soils generally being the most challenging conditions plants face
(6-9). These environmentally stressful conditions in desert regions
have long been regarded as the stimulus for adaptive strategies for
drought tolerance (6, 30). Yet the time-calibrated phylogenetic
studies of many desert plant lineages that have been carried out
to-date conflict with this conventional view, showing instead that
major floristic elements of arid ecosystems worldwide, including
cacti, legumes, ocotillos, elephant trees, and others, acquired their
unique morphologies prior to the emergence of widespread dry
climates in the Neogene and then radiated synchronously during
recent onset of aridification (10, 31, ST Appendix). This pattern
has caused some to speculate that arid biomes appeared much
earlier than previously believed, as early as the Eocene (-20 My
before the mid-Miocene) (17, 32). How else could these traits
have evolved without harsh, arid conditions? We provide support
for an alternative hypothesis, that many plants living in a desert
environment today did not originally evolve in a desert setting,
and that features seen in each plant may not be adaptations to

PNAS 2023 Vol.120 No.6 e2214729120

desert living but carryovers from some other set of conditions.
Specifically, we find that rock daisies of genus Laphamia evolved
first as edaphic endemics on “micro deserts” of bare rocky
outcrops within otherwise densely vegetated environments, and
then spread and diversified more recently under cooler, drier
climatic conditions. Most of the ca. 40 minimum-rank taxa of
rock daisies in Laphamia that currently inhabit the NA deserts
show conserved life-history evolution associated with ancestral
ecological specialization. Dispersal into the Basin and Range
Province when arid conditions intensified in the mid-Miocene
evidently led to the ecological release and rapid radiation of
Laphamia onto ecological islands, including bare, edaphic islands
and decomposed substrates, scattered across the varied landscapes
of the NA deserts (S Appendix, Fig. S1).

Is edaphic exaptation a common scenario in the evolution of
desert biota? The idea that traits conferring drought tolerance may
have been a prerequisite rather than a consequence of establish-
ment in the NA deserts is not new (7, 33), yet several nonmutually
exclusive lines of evidence suggest it may be a scenario of broader
applicability than previously recognized in explaining the enig-
matic origins of desert biota. Within forested landscapes, rocky
outcrops tend to form microhabitats that consistently harbor a
more aridity-resistant flora than their surroundings, and often
contain disjunct populations of plants from adjacent, or distant,
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Table1. Model parameters derived from ancestral state estimates of life history and edaphic affinity during 13,500
post-burn-in iterations of rjMCMC in RevBayes (26).

Character Transition Meanrate Medianrate  95% HPD interval  Bayes factor (2logBF)
Life history Annual to herbaceous perennial 1.7318E-3 1.9846E-4 [0,7.9424E-3] 0.248
Annual to suffrutescent perennial ~ 1.5406E-3 3.1802E-4 [0,6.735E-3] 0.522
Annual to shrub 1.651E-3 2.2361E-4 [0,7.1232E-3] 0.280
Herbaceous perennial to annual 1.5641E-3 1.4279E-4 [0,6.9879E-3] 0.192
Herbaceous perennial to 1.6333E-3 4.1539E-4 [0,6.8665E-3] 0.605
suffrutescent perennial
Herbaceous perennial to shrub 5.4506E-3 4.6198E-3 [0,0.0133] 5.974
Suffrutescent perennial to annual 0.0141 0.0132 [4.9633E-3,0.0232] Inf.
Suffrutescent perennial to 0.0107 0.0102 [3.0716E-3,0.0191] Inf.
herbaceous perennial
Suffrutescent perennial to shrub 5.2987E-3 4,8322E-3 [0,0.011] 7.78
Shrub to annual 1.3456E-3 7.7608E-6 [0,6.1882E-3] 0.016
Shrub to herbaceous perennial 1.4293E-3 0 [0,6.17151E-3] 0
Shrub to suffrutescent 1.4289E-3 2.5658E-4 [0,6.1238E-3] 0.377
Edaphic affinity Habitat generalist to bare rock 4.3876E-3 3.5002E-3 [0,0.035] Inf.
specialist
Bare rock specialist to habitat 0.0191 0.186 [8.6597E-3,0.0312] 5.766
generalist

Bayes factors (BFs) represent support for nonzero transition rates. BFs were calculated as the posterior probability of the nonzero model (the number of MCMC samples that visited the
nonzero model divided by the total number of samples) divided by the posterior probability of the zero-rate model (calculated likewise). Equal prior probability was placed on the two
models, therefore the prior ratio was not included in the computation of BFs. Following Kass and Raftery (27), 2logBFs were interpreted as: zero to two, equivocal for a nonzero transition

rate; two to six, strong support for nonzero transition rate; from six to infinity (inf.), decisive support for a nonzero transition rate.

more open, dry biomes (34, 35). Rocky outcrops in the tropical
deciduous forests that are adjacent to the NA deserts, and consid-
ered a major source area for expansions into those deserts, harbor
familiar members of diverse desert plant and animal groups,
including cacti, agaves, euphorbias, rattlesnakes, and lizards
(7, SI Appendix, Fig. S1). In these and other forested environ-
ments, edaphic outcrops have presented a stable and widespread
nucleus for the evolution of drought tolerance; in contrast, wide-
spread dry habitats have been rare throughout time, especially
during the cool, moist periods of the Oligocene and early Miocene
(3, 36, 37).

Traits associated with growth on edaphically harsh substrates
overlap with adaptations for drought tolerance. Growth in edaph-
ically arid substrates poses great challenges for plants and many
of the adaptive strategies that confer tolerance to stressful soils
overlap with those generally considered useful for coping with
stress due to aridity (28, 38-40). These traits include perennating
organs; dense hairiness; reduction in leaf area; deciduousness;
aphylly; tolerance of exposure to UV, intense fluctuations in tem-
perature, wind, and lack of facilitating nurse plants; as well as
enhanced herbivore defense strategies to compensate for the high
cost of regeneration after attack (28, 38-40). Transitions onto
edaphically stressful soils have often been implicated in driving
rapid and drastic plant evolution in growth form because of the
tradeoffs for resource availability and defense that manifest in
nutrient poor conditions (40—43). Tolerance for bare soils has also
been implicated in the evolution of further specialization onto
chemically unusual serpentine soils, suggesting that bare soils may
represent an important hurdle that, once crossed, enables expan-
sions into other stressful niches (40).

What are the forces that maintain edaphic endemism as a stable
ecological strategy in dry environments? Edaphic exaptation as a
factor in the early evolution of desert angiosperms remains to be
reconciled with the theory of fitness trade-offs, which provides a
mechanistic explanation for ecological specialization based on free
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space from competition or natural enemies (42). Most edaphic
endemics, including rock daisies, can grow and thrive on zonal
(normal) soils in greenhouse conditions, suggesting that tradeoffs
in competitive ability or herbivore defense play a crucial role in
excluding them from zonal soils in a natural community context
(28, 40). In the dense forests where rock daisies evolved edaphic
endemism onto bare rocky outcrops, competitive exclusion pro-
vides a plausible explanation for the evolution of specialization
onto more stressful bare rock. In contemporary deserts, however,
the vegetation is open and facilitation by nurse plants is common
(9). Escape from competition therefore does not provide a satis-
factory mechanism for maintaining soil specialization in deserts.
Yet, why do many edaphic specialists occur in arid habitats? One
explanation is physiological or ecological constraints associated
with past specialization (44). Another is the inverse texture hypoth-
esis (45), which states that in wet ecosystems, where nutrients are
more limiting than water, finer, more fertile soils are more produc-
tive than coarse, nutrient-poor substrates. However, in dry ecosys-
tems coarser soils allow water to infiltrate below the evaporative
zone more rapidly than finer soil, allowing them to retain soil
moisture longer. Tests of the inverse soil texture hypothesis are
scarce, but, if true, rocky substrates could constitute a crucial biome
bridge, facilitating shifts into more arid adaptive zones without
fundamental changes to a group’s conserved ecological niche.

Conclusion

Uncovering the circumstances under which organisms colonized
extreme environments such as deserts is an important means of
gauging resilience to future environmental stress brought about by
climate change. The evolution of drought tolerance in desert plants
has often been attributed to adapration in response to harsh, arid
climates. Our phylogenetic analyses of trait evolution and biome-
shifts do not support such a model of rapid adaptive evolution in
response to dry conditions. In the rock daisies, we find that drought
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Table 2. Results of a biome-shift analysis quantifying
relative dependence on three separate underlying q
matrices: uninformed (w_u), paleogeographically in-
formed (w_g), and paleobiome-informed (w_b), as well
as nonpaleo-biome-informed (w_not_b).

95% HPD
interval

[0.0146,0.6481]

Mean Median
0.277

Statistic Relevance

w_u Transition matrix 0.303
uninformed by
paleobiome or

paleo-geography

w_g Relative
importance of
paleogeography

w_b Relative

dependence
on paleobiome
structure

W_ Independ- 0.55

not_b ence from
paleobiome
structure

0.247 0.282 [4.3735E-

4,0.5846]

0.449 0.45 [0.0419,0.8315]

0.549 [0.1685,0.9581]

Means, medians, and 95% HPD intervals were estimated using the biome-shift model
developed by Landis et al. (15) during 25,000 iterations of MCMC in RevBayes (26). Our
analysis considered all combinations of four geographical regions (South America, Baja
California, the Trans-Mexican Volcanic Belt, and the Basin and Range Province) with four
biomes (tropical, temperate, subtropical, and desert). In addition, our model was struc-
tured with four time intervals (Ma): Oligocene (33.9-23.0), early Miocene (23.0-16), mid/
late Miocene (16-5.3), and Plio-Pleistocene-Holocene or, here, “recent” (5.3-0). Separa-
tion of the Baja California peninsula from mainland Mexico was modeled with weakening
connectivity between these areas in the mid/late Miocene and recent time intervals. The
recent emergence of widespread arid climates was modeled with increasing connectivity
in the recent time interval.

tolerance evolved in association with edaphic specialization onto
bare rocky outcrops in a densely vegetated context and was an
evolutionary precursor to their extensive diversification in North
American deserts. These results add to recent studies highlighting
preadaptation (exaptation) and resource tracking as key processes
driving innovation and diversification in response to novel selective
pressures (37, 38, 46, 47). In addition, this framework suggests
that climate change may outpace adaptive evolution in some cases,
favoring organismal groups preadapted for stress tolerance to thrive
and diversify in novel environments.

Materials and Methods

Sampling, Sequencing, Phylogenetic Inference, and Divergence Time
Estimation (DTE). We carried out sequence capture using the COS baits
(21,23, 48)for target capture of ~1,060 low-copy nuclear loci for 114 samples
encompassing all minimum-rank taxa of subtribe Peritylinae except for seven
taxa for which material was unattainable or sequence yield insufficient, plus
three outgroup taxa (S/ Appendix, Table S1). We extracted DNA, enriched librar-
ies, and processed data using the approach of ref. 21, with the exception that
we used iterative reference-based assembly in the HybPiper pipeline (49). We
used HybPiper's paralog investigator script to identify and exclude potentially
problematic loci and the intronerate.py script to obtain supercontigs, which
included exons and their overlapping flanking introns (see ref. 49 for details).
Loci with less than 95% occupancy were removed and the remaining 229 loci
aligned using MAFFT(50).

MLand Bl trees were generated using RAXML-NG (57) and ExaBayes (52) on
the CIPRES science supercomputing portal (53) and a pseudocoalescent tree
from gene trees while accounting for ILS was produced using ASTRAL-III (54)
(S Appendix, Figs. S2 and S5-S7). Areduced sample dataset for DTE with one rep-
resentative of each taxon was generated by choosing the sample that conformed
most in terms of geography and morphology to the type, retaining individuals of
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each independent evolutionary lineage when taxa were found to be nonmono-
phyletic. To this constrained topology, a time-calibrated phylogenetic hypothesis
was obtained using Bayesian inference in MCMCtree (55) using a subset of loci
and a secondary calibration of the 95% HPD interval estimate of the split of
Helianthus annuus from Eupatorieae + Perityleae of 7.93 to 23.22 ma, applied
to the root of our phylogeny with a uniform prior (24) (SI Appendix, Fig. S3).

Evolution of Life History and Edaphic Specialization. Observations of life
history and edaphic specialization came from herbarium label data, taxonomic
treatments, species descriptions, and the 1st author’s fieldtrips to the southwest
U.S. and northern Mexico during 2017, 2018, and 2019 (19-21). For the pur-
poses of this study, we considered habitand life history as synonyms. Herbaceous
plants included those that have an intraannual or perennial lifecycle and lack
woody stem tissue. Suffrutescent perennials resprout annually from a woody
stem base, while shrubs are multistemmed and woody above ground. Bare rock
surfaces were defined as cliffs, boulders, rocky outcrops, or canyon walls of solid
consistency with minimal soil accumulation outside of cracks and crevices. Taxa
were considered bare rock specialists if all known occurrences were on solid rock
substrates. Taxa were considered habitat generalists if they also, or exclusively,
grew on decomposed substrates, which were defined as various weathered soils
that fracture on contact and are composed of gravel, sand, silt, or clay. We esti-
mated rates of transitions and inferred ancestral states for life history and edaphic
specialization using Bayesian model testing with jMCMCand stochastic character
mapping in RevBayes (26).To test for associations between life history and ende-
mism on rocky outcrops, we used BayesTraits to compare the fit (log-likelihood)
of two continuous-time Markov models of life history and edaphic evolution, a
dependent and independent model (56).

Historical Biogeography and Ecology with Paleobiome-Informed Models.
To infer the timing and tempo of biome shifts, we used the biome-shift model
developed by Landis et al. (15) as implemented in RevBayes (26) to consider
all combinations of four geographical regions (South America, Baja California,
the Trans-Mexican Volcanic Belt, and the Basin and Range Province) with four
biomes (tropical, temperate, subtropical, and desert). Ancestral biogeographic
ranges were additionally inferred and compared with our paleobiome-in-
formed model using a Bayesian implementation of a DEC model in RevBayes
(26,57)(SI Appendix, Fig. S4). Our biome-shift model was structured with four
time intervals (Ma): Oligocene (33.9-23.0), early Miocene (23.0-16), mid/late
Miocene (16-5.3), and Plio-Pleistocene-Holocene or, here, "recent” (5.3-0).
South America was coded as having zero connectivity to any other areas in all
time intervals. We also modeled the split of the Baja California Peninsula from
mainland Mexico beginning ~12 Ma (25) by assigning strong connectivity to
the Basin and Range Province and Trans-Mexican Volcanic Belt through the
Oligocene and early Miocene, weak connectivity in the mid/late Miocene, and
zero connectivity in the recent time interval. Sizes and distributions of tem-
perate, tropical, and subtropical biomes were modeled as constant from the
Oligocene to present and desert biomes modeled as emerging with weak con-
nectivity in the late Miocene and strong connectivity in the recent time interval.
Additional details of the methods are available in S/ Appendix.

Data, Materials, and Software Availability. Raw sequencing reads were
deposited in the National Center for Biotechnology Information (NCBI) Sequence
Read Archive under BioProject PRINA918694 (58).
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