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Hawaiian lobeliads exhibit extensive adaptive radiations and are considered the largest
plant clade (143 species) endemic to any oceanic archipelago. Rapid insular radiations
are prone to reticulate evolution, yet detecting hybridization is often limited by inad-
equate sampling of taxa or independent loci. We analyzed 633 nuclear loci (includ-
ing tetraploid duplications) and whole plastomes for 89% of extant species to derive
phylogenies for the Hawaiian lobeliads. Nuclear data provide strong support for nine
major clades in both likelihood and ASTRAL analyses. All genera/sections are mono-
phyletic except Clermontia and Cyanea. Nuclear and plastome phylogenies conflict
on short, deep branches; the nuclear tree resolves a fleshy-fruited clade of Hawaiian
Clermontia/Cyanea-Brighamia/Delissea, sister to Polynesian Sclerotheca, with both sister
to a capsular-fruited Hawaiian clade. Incomplete lineage sorting in a rapid radiation
starting 8.5-11.3 Ma is sufficient to explain uncertainty and cytonuclear discordance
along the backbone. Sequence data support reticulation within Clermontia and espe-
cially Cyanea. Nuclear data identify 42 interisland dispersal events: 89% accord with the
strict progression rule, involving movement to the next younger island in the hotspot
chain, consistent with theory. Plastid data overestimate such events by 17%. Cyanea
and Clermontia have undergone parallel adaptive radiations in elevational distribution
and flower length on all major islands, with multiple founders and some interisland
differences. Hawaiian lobeliad diversification was driven by an early intergeneric diver-
gence in habitat, followed by parallel adaptive radiation and ecological speciation within
Clermontia/Cyanea, combined with widespread single-island endemism, frequent inter-
island dispersal, and occasional hybridization.

adaptive radiation | disparification | ecological saturation | speciation | incomplete lineage sorting

From a single ancestor that arrived in the Hawaiian archipelago 7.5 to 13.6 Ma (1, 2),
the native Hawaiian lobeliads have evolved into the most species-rich plant clade in Hawaii
or any other single oceanic archipelago, comprising 143 species (114 of which are extant)
and thus 11.5% of all native Hawaiian angiosperms (3, 4). Native Hawaiian lobeliads are
currently classified into seven clades: Brighamia, Clermontia, Cyanea, Delissea, Lobelia §
Galeatella (Galeatella), Lobelia § Revolutella (Revolutella), and Trematolobelia. All are
restricted to the eight tall Hawaiian Islands and the thirteen volcanoes forming them. The
Hawaiian lobeliads have undergone spectacular radiations in habitat, means of dispersal,
growth form, floral morphology, leaf shape, and photosynthetic physiology (1, 5-13).
They almost certainly facilitated, via coevolution, the diversification of Hawaiian honey-
creepers (Fringillidae) and honeyeaters (Mohoidae), the two largest clades of native birds,
which include almost all pollinators of the Hawaiian lobeliads (14, 15), as well as the
Hawaiian fruit flies (Drosophilidae), by far the largest clade of native arthropods, many
of which use lobeliads as mating or oviposition sites (16, 17). Most species are restricted
to single islands (mean number of islands occupied = 1.27 + 0.71 SD) or, indeed, single
volcanoes (mean = 1.57 + 1.12 SD) (8] Appendix, Tables S1-S3). More than half of
Hawaiian lobeliad species are threatened or endangered (35%) or considered extinct (21%)
and 65% of Cyanea species are threatened, endangered, or extinct. These losses and loom-
ing threats to the Hawaiian lobeliads reflect habitat destruction, consumption by intro-
duced vertebrate herbivores, loss of pollinators and seed dispersers, and competition with
introduced plant species.

The origin of each of the seven genera/sections of native Hawaiian lobeliads predates
the emergence of Ni’hau (1), the oldest tall island in the Hawaiian-Emperor seamount
chain (18, 19). Biogeographic analyses of a subsample of species indicate that as the
Hawaiian island chain grew, colonists in at least Cyanea and Clermontia (1, 11) dispersed
largely in accord with the progression rule (20, 21)—from one island onto the nearest
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younger, ecologically unsaturated island immediately to the south-
east—in agreement with theory and patterns observed in other
Hawaiian lineages (22-27). Extinction and incomplete sampling
might lend false support for the progression rule. The first is dif-
ficult or impossible to account for, but the second can be ame-
liorated by thorough sampling. At least Cyanea appears to have
undergone parallel adaptive radiation in elevational distribution
and flower tube length on each of the four major islands or island
groups (Kaua'i [Kaua'i and Ni'ihau], O’ahu, Maui Nui [Lana’i,
Maui, and Moloka’i], and Hawai’i). Divergence along these axes
of variation are critical components of reproductive isolation via
differences in pollinator and microhabitat, promoting ecological
speciation and coexistence among closely related species (1).
However, previous analyses left unresolved the relationships
among Cyanea species within islands, how many founders seeded
radiations on each island, and the extent to which radiations are
actually parallel and contribute to the overall diversification of the
Hawaiian lobeliads. Such questions are crucial for understanding
the adaptive radiation and species diversification not only of the
Hawaiian lobeliads, but of other large lineages on hotspot archi-
pelagoes worldwide.

The initial, rapid radiation of all Hawaiian genera/sections
appears tied to divergence in habitat, with berry-fruited Cyanea
and Clermontia mostly restricted to wet forest interiors, canopies,
and edges; berry-fruited Delissea, to mesic scrub; capsular-fruited
Brighamia, to sea cliffs; capsular-fruited Galeatella, to mostly
alpine bogs; capsular-fruited Revolutella to interior rock walls; and
capsular-fruited Trematolobelia, to openings in wet, high-elevation
forests and bog edges (1). Hawaiian lobeliads with wind-dispersed
seeds generally occur in open habitats and those with bird-dispersed
seeds in more closed habitats (1).

Our understanding of gene flow, dispersal, and adaptive radiation
in the Hawaiian lobeliads remains incompletely understood, given
that previous analyses excluded over half the extant species and were
based almost entirely on plastid sequences. The latter is problematic
because plastid capture among closely related species on the same
island might mask the presence of relatively unrelated nuclear clades
on either the source or target islands, obscuring independent dis-
persal events. Accounting for reticulate evolution in studies of inter-
island dispersal in Hawaiian plant lineages apart from a simple
comparison of gene-tree topologies is still in its infancy, yet a con-
sideration of reticulate evolution due to hybridization or introgres-
sion is a crucial issue for many Hawaiian plant lineages due to the
co-occurrence of recently divergent species on individual islands.
Recent efforts using multilocus or genome-level datasets to better
resolve relationships within lineages of Hawaiian plants (26, 28-32)
show strong evidence for reticulate evolution within recent and
rapid radiations, but none have investigated the differential causes
of cytonuclear discordance while sampling hundreds of nuclear loci
and the vast majority of extant species diversity to obtain compre-
hensive views of biogeographic history and adaptive radiation.

Previous phylogenetic studies of the Hawaiian lobeliads—except
those focused on Cyanea (7, 8) and Clermontia (11, 33)—have been
based on sampling of less (or far less) than half of all extant species.
However, they have established that the major clades of Hawaiian
lobeliads are monophyletic (1, 7, 8, 34) except for Clermontia and
Cyanea (11, 33-36), and that there is strong support for the sister
clades of Brighamial Delissea, Galeatellal Trematolobelia, and
Clermontial Cyanea. Relationships among these three broader
groups, Revolutella, and certain non-Hawaiian taxa (e.g., Polynesian
Sclerotheca) have not been resolved consistently or conclusively
across studies (1, 7, 8, 34, 35), nor has there been consensus on the
closest relatives of the Hawaiian lobeliads (1, 2, 36—38). Moreover,
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signals of hybridization or introgression are unexplored except for
Clermontia (11), where five potential hybrid species were identified
based on cytonuclear incongruence.

Here, we reexamine the evolutionary relationships among spe-
cies and major clades of the Hawaiian lobeliads, using sequence
data generated from anchored hybrid enrichment of 633 nuclear
loci and plastomes for 89% of extant species. We use these data
to infer phylogenetic relationships and screen for the relative
importance of incomplete lineage sorting (ILS) and hybridization.
We calibrate these phylogenies against time to infer the history of
interisland dispersals and speciation within islands. Finally, we
quantify and compare adaptive radiation in elevational distribu-
tion and flower tube length across clades and islands, focusing on
the two largest genera, Cyanea and Clermontia. We ask whether
closely related species on the same island differ in elevation or
flower size (presumably due to divergent selection to reduce com-
petition and/or mismating) and evaluate the extent to which
within-island radiations in Cyanea and Clermontia are indeed
parallel, are seeded by multiple founders, and contribute to species
diversification of the Hawaiian lobeliads.

Results

Molecular Phylogenies. We conducted four series of phylogenetic
analyses to estimate 1) nuclear trees based on 633 loci, 2) plastome
trees based on exons or nearly complete genomes, 3) nuclear and
plastome trees calibrated to absolute time, and 4) phylogenetic
networks including representatives of all major ingroup clades.

Nuclear Trees. Both maximum likelihood (ML) and ASTRAL
analyses of 633 nuclear loci recovered the same relationship
among the eight major ingroups (Brighamia, Delissea, Clermontia,
Cyanea, Galeatella, Revolutella, Sclerotheca, Tremarolobelia) with
varying levels of support (Fig. 14 and SI Appendix, Figs. S1-S3).
The monophyly of all ingroups received maximal support,
except for Cyanea and Clermontia. There is strong support for
the paraphyly of Cyanea, with the orange-fruited (OF) clade
containing species that almost all bear orange fruits sister to the
clade formed by Clermontia plus the purple-fruited (PF) clade
containing species of Cyanea that almost all bear purple fruits
(bootstrap support [BS] = 100, local posterior probability [LPP]
> 0.99). Clermontia is not monophyletic, with CIL pyrularia
nested in PF Cyanea in each species tree and sister to or nested
within one or both clades of Cyanea in 99% of rootable gene
trees. Sister relationships of Brighamial Delissea and Trematolobelia/
Galeatella were also recovered with maximal support. Monophyly
of Tremarolobelial Galeatella/Revolutella was well supported in the
ML tree (BS = 99), but poorly supported in the ASTRAL topology
(LPP = 0.37).

Apart from these well-supported relationships, there is consid-
erable uncertainty regarding the deepest relationships of Hawaiian
lobeliads and Sclerotheca (Fig. 2A4). While both ASTRAL and ML
topologies have identical backbone topologies, ASTRAL support
is low for three critical nodes involving the placement of
Brighamial Delissea, Sclerotheca, and Revolutella. On the other
hand, ML support is high (>97% BS) for all nodes except the
placement of Brighamial Delissea (71% BS) (Fig. 1 and SI Appendix,
Figs. S1-S3). Neither ML nor ASTRAL analyses of the nuclear
data recover the Hawaiian lobeliads as monophyletic, and instead
find weak support for Sclerotheca nested within the Hawaiian lin-
eage. Our nuclear trees indicate the emergence of a fleshy-fruited
cladein mesicandwetforests (Brighamia/Delissea- Cyanea/Clermontia)
(capsular fruits form late in development in cliff-dwelling
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Fig. 1. Nuclear phylogenetic tree and historical biogeography. (A) Ancestral range estimation. Branch lengths are based on substitutions/site calibrated to
absolute time, with a cladogram of backbone relationships shown at the Upper Left, with node labels displaying ASTRAL local posterior probabilities followed
by maximum likelihood bootstrap support. Branches and rightmost tip boxes are colored by major clade, with leftmost tip boxes showing present-day ranges.
Dashed vertical lines depict mean ages of island emergence and colored boxes encompass the estimated extent of the growth phase of each island, including
uncertainty. (B) Mean number of dispersal events between islands. Thin black lines accord with a relaxed progression rule, thick black lines align with a strict
progression rule, and red lines show violations of a progression rule. (C) Lineage-through-time plots for individual islands. Dashed vertical lines depict mean

ages of island emergence.

Brighamia) from a paraphyletic capsular-fruited lineage from more
openhabitats (Sclerotheca, then Revolutelfal Tremarolobelial Galeatella,
then Lobelia generally). The nuclear phylogeny also implies a shift
from terminal to axillary inflorescences, with terminal inflores-
cences in Revolutellal Trematolobelial Galeatella and Lobelia gener-
ally, and the evolution of axillary inflorescences in fleshy-fruited
Hawaiian species + Sclerotheca. Relationships within clades are
well supported and congruent except within Clermontia and OF
Cyanea, where several clades (including some older ones), are
poorly supported and/or conflict between the ASTRAL and ML
topologies (SI Appendix, Figs. S1-S3). Branch lengths deep in the
nuclear phylogeny are exceptionally short, with the fleshy-fruited
clade, Sclerotheca, and Revolutellal Trematolobelial Galeatella form-
ing a near trichotomy. The Hawaiian, Polynesian, Bonin Island,
Africa, and Asian woody lobeliads appear to have diverged from
each other ~12 to 14 Mya (Fig. 14).

Plastome Relationships. Backbone relationships in our genealogies

based on exons or nearly complete plastomes (Fig. 2B and
SI Appendix, Figs. S4 and S5) are consistent with previous results

PNAS 2025 Vol.122 No.19 2421004122

(1,2, 38). Sclerotheca is sister to monophyletic Hawaiian lobeliads
(BS = 98 in both datasets). All other ingroup relationships are
consistent with those found based on nuclear data and strongly
supported except for the sister relationship between Brighamia/
Delissea and Trematolobelial Galeatella/Revolutella (exon BS = 100,
plastome BS = 75). As with the nuclear phylogeny, there is consid-
erable uncertainty along the backbones of Clermontia and OF
Cyanea in both phylogenies based on plastid sequences.

Nuclear Backbone Discordance. Analysis of gene trees shows
strong support for all nine major clades recovered in the nuclear
ASTRAL and ML trees (Fig. 24), with at least 263 gene trees
supporting (BS = 95) the monophyly of these genera/sections
(mean = 390 + 140 SD). Conversely, few gene trees support
the monophyly of any recovered backbone clade or alternative
resolution.

Network analyses across 10 subsets of randomly pruned gene
trees favored one hybridization event (h = 1) for eight datasets
and h = 2 for two datasets (S Appendix, Fig. S6). Networks for
h= 1 suggested intergeneric gene flow between Brighamia

https://doi.org/10.1073/pnas.2421004122 3 of 12
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(possibly also involving Delissea) and PF Cyanea (possibly also
involving Clermontia) but estimates of the proportion of the
genome exchanged (y) are 0.5 to 1.5% (Fig. 2Cand S7 Appendix,
Fig. $6), largely rejecting the hypothesis that any conflict along
the backbone is due to ancient gene flow. All 10 networks sug-
gested a major topology different from the other nuclear and
plastid topologies, although most are consistent with the latter.

Discordance within and among Genomes. Based on simulated
nuclear trees (Materials and Methods) the deepest conflicting
splits between the nuclear and plastome topologies—involving
the placements of Brighamia/Delissea and Sclerotheca—received
ASTRAL LPP = 0 (87 Appendix, Fig. S7). This is because within
the simulated nuclear trees, quadripartitions from the plastome
topology are less frequent than their second alternative resolution.
However, plastid quadripartitions still show up at ~30% frequency.
A small proportion of simulated nuclear gene trees supports the
discordant plastid bipartitions of monophyletic Hawaiian lobeliads
(6%), Brighamial Delissea/ Trematolobelia/Galeatella/Revolutella (4%),
and Trematrolobelia/Galeatella/Revolutella (9%) (Fig. 2C).

At shallower scales, cytonuclear discordance is almost nonexistent
outside of Clermontia/Cyanea except within a few species of
Revolutella (SI Appendix, Fig. S8). While many plastid clades within
Clermontia and Cyanea are consistent with the nuclear tree under
ILS, some are not, especially along the backbones of Clermontia, PF
Cyanea on Kaua'i, and shallower nodes in OF Cyanea. Conflicts in
the latter may be exacerbated by phylogenetic uncertainty [e.g., see
low support for many nodes in OF Cyanea (SI Appendix, Fig. S7)].

https://doi.org/10.1073/pnas.2421004122

The HyDe analysis found 3,306/595,455 triplets with evidence
for y > 0. Significant pairwise comparisons are usually within,
rather than between major clades, especially Clermontia and
Cyanea, although interclade gene flow possibly occurred between
PF/OF Cyanea, PEF Cyanea/Clermontia, andlor Galeatella/
Trematolobelia (SI Appendix, Figs. S9 and S10).

Historical Biogeography. Based on nuclear data, the common
ancestor of Hawaiian lobeliads arose 9.88 Ma [95% highest
posterior density (HPD) = 8.45 to 11.26 Ma] with the stem
lineages of most genera/sections originating rapidly, with
Brighamia/Delissea diverging most recently at 5.57 Ma (95%
HPD = 3.85 to 7.34 Ma; Fig. 14). By contrast the crown ages
of genera/sections are relatively young, ranging from 4.93 Ma
to 2.25 Ma. Based on plastid data, the crown age of Hawaiian
lobeliads + Sclerotheca is 11.96 Ma (95% HPD = 10.81 to
13.02 Ma). There is a similar rapid divergence among plastid
lineages, with crown ages of genera/sections ranging from 6.67
Ma to 1.62 Ma. MRCA ages tend to be younger from plastid
than nuclear data toward the present, and older for nodes >10
Ma (87 Appendix, Fig. S11). Based on the nuclear genome, the
accumulation of extant lineages proceeded slowly until ~5.8 Ma
(Fig. 1 A and B), but only spiked for individual islands at ~2.6
Ma (O’ahu), ~2.4 Ma (Kaua’i and Maui Nui), and ~1.3 Ma
(Hawai'i). Given that most lobeliad species are restricted to single
islands (87 Appendix, Table S2), island subsidence may mislead
interpretations of rates of lobeliad diversification before Kaua'i

emerged (Fig. 1C).

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2421004122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421004122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421004122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421004122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421004122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421004122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421004122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421004122#supplementary-materials

Biogeographical reconstructions favor DEC+] over DEC for
both nuclear (y* = 52.27, df =1, P = 4.84 x 107") and plastid
(¢ = 3553, df = 1, P = 251 x 107) datasets (Fig. 14 and
SI Appendix, Figs. S12-S15). For the nuclear tree, an average of
70% of all biogeographical events occur within the same area under
DEC+] (DEC: 63%) versus 71% in the plastid tree (DEC: 66%).
Based on stochastic mapping on the nuclear tree, there are an aver-
age 0of 43.63 + 1.93 SD dispersal events (42 within Hawaii) under
DEC+], of which 89% conform to a strict progression rule (dis-
persal to the next youngest island) and 92% to a lax progression
rule (dispersal to younger islands) (39: 92.9% and 93.4% for DEC)
(Fig. 1B and ST Appendix, Tables S4 and S5). Based on the plastid
tree, there are an average of 51.12 + 2.09 SD dispersal events (49
within Hawaii) under DEC+], of which 88% conform to a strict
progression rule and 93% to a lax progression rule (46: 93% and
94% for DEC) (SI Appendix, Tables S6 and S7). Based on stochastic
mapping, an average of 127.4 of 162 cladogenetic events occurred
with islands. Thus, speciation within islands accounts for ~79% of
species diversification, versus ~21% for interisland dispersal.

Adaptive Radiation. Hawaiian lobeliads differ somewhat in their
position and variability in ecomorphospace (elevation x flower length)
by clades and islands (Fig. 3 and S Appendix, Figs. S16 and S17).
Species within Brighamia, Galeatella, Revolutella, and Trematolobelia
display limited ecomorphological divergence and thus limited

variance among species, while Delissea has primarily diversified in
elevation and varies predominantly among islands. Intergeneric/
intersectional hybrids are unknown, and different clades often occur
in different habitats (see above), so their overlap in ecomorphological
space is not clearly relevant to reproductive isolation or resource
partitioning. Species number and the ecomorphospace occupied
by individual clades increase together: species-poor Galeatella and
Trematolobelia occupy the least space, and species-rich OF Cyanea,
PF Cyanea, and Clermontia the most (Fig. 3).

Species of OF Gyanea, PF Cyanea, and Clermontia have evolved
in largely parallel manner along both axes of variation across and
within all islands, but with the most diverse lineage (OF Cyanea)
having more species with long flowers at lower elevations than PF
Cyanea and Clermontia (Fig. 3). Cyanea species occupy forest inte-
riors and interspecific competition on a given island is more likely
than among edge- and gap-dwelling Clermontia species, so Cyanea
species on each island should be likely to diverge in elevation and
flower tube length to partition resources and avoid hybridization.
Cyanea assemblages on Kaua'i, O’ahu, Maui Nui, and Hawai’i over-
lap with 35, 23, 67, and 51% of the ecomorphological space occu-
pied by Cyanea overall (SI Appendix, Fig. S17). The assemblages of
Cyanea species on Kaua'i and O’ahu show truncated ranges of ele-
vations occupied. These islands are far shorter (1,599 and 1,220 m,
respectively) than Maui or Hawai’i, so Cyanea species on the older
islands cannot inhabit the last 530 to 910 m of elevation occupied
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Fig. 3. Trait diversification and disparification during adaptive radiation. (A) Phyloecomorphospace of elevation and flower length. Each point represents a
species/subspecies x island combination under a seven-island model, colored by clade. Black lines show the nuclear phylogeny superimposed on the plot. (B)
Same as (A) but with minimum convex polygons drawn around points and the outlier of Brighamia removed. (C) Phyloecomorphospace plots for Clermontia
and both clades of Cyanea with points and branches colored by island. (D) Trait disparity for Clermontia and Cyanea across islands supporting >four species per
clade, including total area of ecomorphospace occupied and divergence among species within each island measured as the sum of variances. Letters denote
statistically similar groups based on pairwise tests within ecological groupings (Clermontia and pooled Cyanea).
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by Cyanea on the younger islands. Taking this limitation into
account, the assemblages of Cyanea species on Kaua'i and O’ahu
occupy 45 and 39% of the ecomorphospace occupied by the genus
on these two axes. On average, assemblages on each of the four
major islands occupy 50.5 + 12.0% of the ecomorphospace avail-
able. Except for O’ahu, the ecomorphospace shared among Cyanea
assemblages on different islands is, on average, 4.0 + 7.2% greater
if we exclude the two outlier species with unusually long flowers
(92.5 mm for C. konahuanuiensis from O’ahu versus maximum of
75 mm otherwise) and elevations (2,130 m for C. pohaku from
Maui versus maximum of 1,858 m otherwise). Cyanea species with
flower tube lengths >51 mm long are missing on Kaua'i, which
might reflect adaptations dependent on the history of their principal
pollinators, the honeycreepers, which arose within the last 5.8 Ma
and had ancestrally shorter bills (15). Cyanea species occupy the
greatest range of elevations and flower tube lengths on Maui Nui,
closely approached by the much less diverse (13 versus 24 species)
assemblage on the youngest island of Hawai’i. Cyanea has far fewer
species on Hawai'i than expected based on island area and elevation,
and a lower fraction of single-island endemics (83% versus 90 to
95% on other islands), presumably reflecting its recent emergence
and incomplete colonization and in situ diversification as a result (1).

While the three most species-rich clades—Clermontia, OF
Cyanea, and PF Cyanea—occupy the greatest total amount of eco-
morphospace, they do not always partition that space in precisely
the same way within islands, nor do they occupy similar extents
of ecomorphospace (Fig. 3). Both total ecomorphospace area occu-
pied and variance among species varies significantly among islands
(Fig. 3 and S/ Appendix, Figs. S16-S18 and Tables S8 and S9).
Within clades, assemblages on the younger islands, especially Maui
Nui, occupy large areas of ecomorphospace. Variation among spe-
cies in ecomorphospace, measured as the sum of variances, gener-
ally shows a similar trend as total ecomorphospace occupied, except
for OF Cyanea on Maui Nui, where variance among species is
significantly reduced compared to PF Cyanea on Maui Nui and
OF Cyanea on Hawai'i, despite species on both islands occupying
a similar breadth of ecomorphospace.

Although island assemblages may occupy large portions of eco-
morphospace, both the range of ecomorphospace occupied and
the sum of variances within an island are significantly lower than
would be expected from a random sample of congeners, except
for Clermontia and PF Cyanea on Maui Nui and OF Cyanea and
pooled Cyanea on Hawai'i (S Appendix, Figs. S19-522), reinforc-
ing the fact that each island radiation—especially those on older,
shorter islands—occupies smaller areas of ecomorphospace than
that found across the archipelago within each clade (see above and
Discussion). Phylogenetic trait structuring within each island
shows a pattern of trait divergence along one or both axes of
ecomorphological space early in the history of the clade on the
island, with the intervening area of ecomorphospace populated
by more recent, parallel evolution (87 Appendix, Figs. S23-S25).

Discussion

'This study provides the most extensively sampled phylogeny of a
Hawaiian plant lineage to date, including more than twice as
many species as any other study, and three times more than studies
based on phylogenomic data. Our findings present a robust phy-
logenetic hypothesis for a clade comprising 11.5% of angiosperms
native to the archipelago, with our sampling covering 8% of the
native Hawaiian species. Of the 42 species missing from our anal-
ysis, 30 are considered extinct; most are known only from the
type and often were last collected more than a century ago, mak-
ing inclusion difficult or impossible at present.

https://doi.org/10.1073/pnas.2421004122

Robust hypotheses of evolutionary relationships based on many
independent loci and accounting for potential sources of gene tree
discordance are essential for understanding the dynamic evolu-
tionary history of the Hawaiian biota. Although Hawaii-centric
studies employing hundreds or thousands of nuclear loci are mul-
tiplying (26, 28-32), current hypotheses for many Hawaiian plant
clades are based on plastid or a few nuclear loci. Such analyses
might be misled by artifacts caused by phylogenetic uncertainty
resulting from low sequence divergence, ILS, hybridization/intro-
gression, or plastid capture. This study therefore represents a sig-
nificant advance in understanding the origin, spread, and
diversification of the Hawaiian flora.

Phylogenomic Conflict along the Backbone of a Rapid Mid-Oceanic
Radiation. Prior studies based on nearly complete plastomes have
been unable to resolve relationships among Hawaiian lobeliad
subclades or even the backbone of Lobelioideae, and thus determine
their monophyly (1, 38). Our most compelling phylogeny, based on
633 single-copy nuclear loci (Fig. 1 and S/ Appendix, Figs. S1-S3),
identified a fleshy-fruited Hawaiian clade (Clermontia/Cyanea/
Brighamia/Delissea) sister to Sclerotheca, with both sister to a capsular-
fruited Hawaiian clade [Revolutella, (Trematolobelia, Galeatella)].
This implies one gain of axillary inflorescences (in the fleshy-
fruited clade + Sclerotheca), one gain of fleshy fruits (in the fleshy-
fruited clade), and one loss of the latter late in fruit development in
Brighamia. Despite not finding strong support for a single bifurcating
topology—with relationships of Brighamia/Delissea and Sclerotheca
being especially problematic—we can exclude some causes for
this uncertainty. Our inability to discern backbone relationships
is not due to uninformative gene trees (Fig. 2). We cannot exclude
ancient gene flow, but the low proportion of genome exchange
between deeper lineages argues against it. The most straightforward
interpretation of our data is that lobeliads diverged following their
colonization of the Hawaiian-Emperor seamount chain (with
subsequent dispersal to Polynesia in Sclerotheca) so rapidly—in 90
ka (Fig. 1) versus earlier estimates of 5 Ma (1)—that the effects of
ILS on the distribution of gene trees severely impacts our ability to
reconstruct its deep phylogenetic history. The Hawaiian lobeliads
(including Sclerotheca) represent a highly challenging scenario for
species tree inference. Short, deep internal branches, long terminal
branches, and an imbalanced branching order result in extreme
ILS in the “anomaly zone” (39—41). This problem may be further
exacerbated by low substitution rates in the nuclear genomes, as
observed in the plastomes of other lobeliads (1). Lineage splitting
may have occurred too fast for mutations to accumulate or genes
to coalescence to inform branching order. Analyses of whole-
genome sequences (32) or structure are possible future avenues for
conclusively resolving backbone relationships and reconstructing
ancient hybridization in the Hawaiian lobeliads and their relatives.

Deep cytonuclear discordance is also best accounted for by a
rapid radiation rather than organellar capture. The plastid topol-
ogy can be explained as a random resolution of relationships under
high ILS, as a low but not insignificant proportion of bipartitions
found in simulated nuclear gene trees mirror those found in the
plastome tree. Although ASTRAL LPP = 0 for these quadriparti-
tions, even assuming that poorly supported areas of the ASTRAL
tree are “true,” ~30% of the conflicting quadripartitions show up
in the simulated nuclear species trees (SI Appendix, Fig. S7).

Evidence for More Recent Introgression. Site pattern frequencies
and cytonuclear discordance show clear evidence for interspecific
gene flow within major clades. Our HyDe analyses are somewhat at
odds with our phylogenetic network, suggesting gene flow involving
all pairwise combinations of Clermontia/PF Cyaneal OF Cyanea,
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and/or Galeatellal Trematolobelia (SI Appendix, Figs. S7-510).
Given the topologies of our gene trees, it seems unlikely that
interspecific gene flow could explain the divergent placement of
Cl. pyrularia.

While HyDe does not allow us to test this directly, large blocks
of significant triplets (SI Appendix, Figs. S9-S10) suggest that the
ancestors of groups of terminals, rather than single terminals, were
involved in interspecific gene flow events, although this does not
discount recurrent gene flow in the history of a lineage. Deeper
cases of historical gene flow may include the backbones of
Clermontia (618 triplets, ¥ = 0.11 £ 0.13), OF Cyanea (1,776
triplets, ¥ = 0.26 + 0.14), or PF Cyanea (318 triplets, 7 = 0.12 +
0.08). Ancient gene flow could explain the low nuclear backbone
support and clear cytonuclear discordance in these clades, rein-
forced by the fact that only 51% of significant triplets involve
terminals where the hybrid and donor lineages can be found on
the same island today. Taken together, nuclear and plastid data
suggest a pattern of introgression within, rather than among
islands, with a combination of deeper introgression events as clades
diversified within islands (30, 31) and more recent gene flow (30),
although gene flow among islands may occur in other systems,
including incipient, easily dispersed, and landscape-dominant
species (28). Widespread gene flow among species of Clermontia
on Hawal’i is in line with morphological data (6, 42), their recent
divergence, and earlier analyses of cytonuclear conflict (11). While
hybrids in Cyanea have been rarely reported, they have been noted
for some species of OF Cyanea on Maui Nui (43). Future detailed
study of gene flow within these clades is warranted, especially since
hybridization may have provided additional genetic variation to
drive extensive adaptive radiation and speciation in Clermontia
and Cyanea—the largest and most ecologically diverse clades
within the Hawaiian lobeliads—as has been suggested for a num-
ber of other highly diverse and disparate groups (44-47). For now,
hybridization at the base of Cyanea and/or Clermontia appears
unlikely. We note, however, that whole-genome duplication did
precede the massive diversification and adaptive radiations of
woody lobeliads across Africa and the Pacific Islands, paralleling
a pattern seen in many angiosperm lineages (48, 49).

Convincing Evidence for the Progression Rule. Our estimated
crown age of Hawaiian lobeliads of 9.88 Ma (nuclear data) or
11.61 Ma (plastid data) is generally in line with previous estimates
based on different molecular datasets and dating methods (1, 2,
37). The crown age based on nuclear data is on the younger side
of prior estimates, but both datasets have an overlapping 95%
HPD in the 10.40 to 11.26 Ma range. The Hawaiian lobeliads—
including Sclerotheca based on nuclear data—are the oldest and
most diverse Hawaiian plant lineage known (1, 50, 51). Given
an age of Ni'ithau of ~6.1 Ma (18, 19) the common ancestor
of the Hawaiian lobeliads must have arrived on an older island
along the Hawaiian-Emperor seamount chain and dispersed in
mostly stepwise fashion to the present-day Hawaiian Islands as
they emerged (1). The long stem lineages of all extant Hawaiian
clades point to a long history of extinction. Predominant single-
island endemism suggests that most species went extinct as island
subsidence occurred. Moreover, the current clades on Kaua'i are
much younger than the origin or even the end of the island’s
growth phase and, as with Hawaiian silverswords, may have been
driven by geographic isolation as the island eroded and ridges and
valleys formed (52). Similarly, peak lineage accumulation of extant
clades on O’ahu also occurred well after island emergence and
during the prolonged growth phase and sequential formation of
parallel mountain ranges resulting from the long lag time between
the activity of the Wai’anae and Ko’olau volcanoes (19), suggesting
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that speciation occurred as ecomorphological space or isolated
landmass formed.

Many but not all previous studies of Hawaiian lineages support
the progression rule (8, 20, 21, 23, 52-54). Our comprehensive
sampling of the largest Hawaiian plant lineage by islands and
species gives us the ability to capture repeated dispersal events.
Furthermore, by breaking down widespread species into their
constituent island lineages, we can more finely elucidate the pat-
tern of interisland dispersal. Indeed, 89% of dispersal events follow
the strict progression rule, with species dispersing to the next
youngest, unoccupied island in the chain, with only 3% of dis-
persal events “jumping” adjacent islands to even younger islands.
Presumably, these patterns reflect both ecological opportunity
(nearby islands with few competitors) and limited dispersal (lim-
iting movement mostly to the nearest, ecologically open islands).
The progression rule is rarely violated, with movement limited to
older adjacent islands, which may reflect rapid saturation of niche
space within an island by closely related competitors (i.e., other
lobeliads) and limited dispersal.

Most cytonuclear discordance occurs within rather than
between islands. Interestingly, plastid data imply 16% more dis-
persal events than nuclear data. Organellar capture leading to clade
homogenization appears to have occurred in PF Cyanea on Kaua'i
(three nuclear and one plastid clade) and Clermontia on Hawai’i
(five nuclear and two plastid clades), underestimating the number
of dispersal events and ancestral range reconstructions. However,
unsampled or extinct plastid lineages might also result in overes-
timates of dispersal events (e.g., in Revolutella). Given the overall
pattern of discordance within, rather than between islands, the
impact of gene flow on our biogeographical reconstruction is lim-
ited. Nevertheless, our findings raise the question of whether
plastid phylogenies of Hawaiian plant lineages systematically over-
estimate the number of interisland dispersal events.

Parallel Adaptive Radiations within Islands. The process of
ecological speciation in the Hawaiian lobeliads—captured in our
proxies for isolation by elevation and pollinators—is mirrored
by adaptive radiation within islands, a process analogous to the
adaptive radiations in other dispersal-limited island or archipelago-
like systems (55-59). We examined convergence in the area of a
continuous ecomorphospace occupied rather than the presence
of different discrete types (as in Australian marsupials, African
rift-lake cichlids, and Caribbean Anolis, among others). In our
case, Brighamia, Lobelia, and Trematolobelia exhibit limited
disparification in elevation and flower tube length, but Clermontia
and Cyanea occupy neatly the entire ecomorphological range of
the Hawaiian lobeliads on these two axes, especially on Maui Nui
and Hawai'i (Fig. 3). Moreover, Cyanea assemblages on each major
island occupy roughly similar amounts of ecomorphological space,
averaging 50.5% of the total available (S Appendix, Fig. S17).
Reduced ecomorphological disparity on Kauai and O’ahu is
partly due to those older, more eroded/subsided islands without
some higher elevations occupied by Cyanea on younger, taller
islands (87 Appendix, Fig. S17) o, as in Cyanea species on Kaua’i,
constraint due to the evolutionary history of their principal
pollinators (15). Early-evolving, mostly short-billed honeycreepers
may have coevolved with Cyanea on Kaua'i, with longer-billed
species evolving later. The Hawaiian honeyeaters, another group
of pollinators, arrived in the Hawaiian chain long before Kaua'i
arose, but never evolved the extraordinarily long bills seen in some
honeycreepers (14). Constrained by these contingencies, adaptive
radiation in elevation and flower length in Cyanea appears to have
occurred in a nearly parallel fashion on the four major islands.
They did so relatively quickly, occupying nearly the same extent
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of ecomorphospace on Hawai’i as on Maui Nui in just 1.2 Ma.
Disparification in Clermontia and Cyanea is usually lower than
expected by chance (SI Appendix, Figs. $19-S24), suggesting that
some island radiations are constrained by the phylogenetic history
of the successful colonizers.

Given that most Cyaneal Clermontia species are restricted to
single islands, parallel radiations on four major islands in Cyanea
[involving 23, 17, 32, and 12 species, respectively (S/ Appendix,
Table S2)] and on essentially two islands in Clermontia (involving
12 and 11 species on Maui Nui and Hawai’i) account for ~3 x
21.0 = 63 additional species of Cyanea and an additional 1 x 11.5
= 11.5 species of Clermontia, for a total of 52% of all Hawaiian
lobeliad species. Radiation in flower length x elevation in these
clades within islands accounts for ~21 + 11.5 = 32.5 species per
island, or 22.7% of all species. The total effect of parallel radiations
and single-island endemism in Cyaneal Clermontia is thus close to
the total effect of within-island speciation, which accounts for
79% of all cladogenetic events (see above).

These subparallel radiations were each seeded by multiple spe-
cies. Stochastic mapping indicates an average of 2.87 founding
ancestral species on each island after Kaua'i for PF Cyanea, and
2.43 for OF Cyanea, for a total of 5.3 Cyanea founders per island.
The resulting assemblages differ from the usual concept of adaptive
radiation from single founders and are, in essence, “diffuse” or
“interwoven” from radiations of multiple, closely related found-
ers—and yet result in parallel patterns of community assembly.
Our ability to investigate species packing in two-dimensional
elevation x flower length space in these assemblages hinge on a
technique that scales flower length so that it has the same effect
of species turnover as a given amount of elevation. This approach
should prove useful in studying species packing in two or more
trait or resource dimensions in other lineages and communities.

Multiple colonists seeding the radiations of PF Cyanea, OF
Cyanea, and Clermontia (2.52) made their survival and propaga-
tion down the Hawaiian chain over the last 7.5 to 8.0 Ma much
more likely. If we model dispersal of each clade down the chain
as a branching process based on a strict progression rule and a
Poisson distribution of colonists, we can calculate the probabilities
of lineage extinction after the appearance of one to six islands—
roughly the number since Cyanea/Clermontia originated. For
Clermontia, the probabilities of extinction on each island are
0.080, 0.074, 0.068, 0.063, 0.058, and 0.053, respectively, for a
total probability of extinction of 0.396. The corresponding prob-
abilities for PF and OF Cyanea are 0.296 and 0.425. In contrast,
a lineage with an average of one colonist per island would have a
93.6% chance of extinction after six islands. Multiple founders
forestall lineage extinction and can thereby shape adaptive radia-
tion and species diversification.

Variation among Parallel Radiations. Hawai’i has fewer Cyanea
species than expected based on island area and elevation, consistent
with its recent emergence and incomplete colonization and in situ
speciation (1). The peak in Cyanea diversity on Maui versus older
islands is due to its greater range of habitable elevations, based
on the fit to an equilibrium model explaining species number
in terms of island elevation and age (1). Several other Hawaiian
clades show a similar peak in diversity on Maui Nui, which has
been ascribed to a shifting equilibrium involving time and island
area (19), although this does not consider island elevational range,
a key component of niche space. Peaks in species number per area
on islands of intermediate age may be due to nonequilibrium
trajectories of speciation and extinction (60, 61). However,
this does not account for variation in island area and elevation.
Furthermore, the power-law relationship of species number to
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island area (S = kA", with z = 0.25) implies that species number per
area should decline with island area (S/A =~ kA™7%), which could
create an artifactual decline in their S/A index toward the youngest
and largest island. Validation of a nonequilibrium explanation for
interisland variation in species richness would require eliminating
this artifact and including island area and elevation in statistical
analyses. This is especially true given that equilibrium views are
strongly supported by static distributions (1, 19), recensuses
(62), community assembly in ecomorphospace (this paper), and
reconstructions of speciation rates (63, 64) in several plant and
animal radiations.

Overall, diversification within the Hawaiian lobeliads appears
driven by initial, rapid radiation in habitat and life-form among
genera and sections of lobeliads; by nested, nearly parallel adaptive
radiation and ecological speciation based on elevation and flower
tube length within Clermontia/Cyanea; and by frequent interisland
dispersal with widespread single-island endemism. Despite poten-
tial constraints, relatively distantly related species have diversified
to occupy complementary parts of ecomorphological space,
demonstrating that parallel within-island radiations by elevation
and flower tube length are the result of both trait divergence within
islands and convergence among islands. The observed pattern of
early habitat disparification driven by ecological opportunity is in
line with the predicted initial behavior of an adaptive radia-
tion (65-67).

Relatively low variability in ecomorphospace within island
assemblages indicates that, rather than populating new areas of
niche space, cladogenesis within islands populates intermediate
areas of niche space (S Appendix, Figs. $23-S25). Indeed, filling
of intermediate areas of niche space by relatively distantly related
species, rather than trait conservatism, means that our parallel
radiations do not fit the traditional “early burst” model of rapid
initial diversification followed by stasis—a deviation that charac-
terizes many adaptive radiations (66).

For congeners with similar niches and geographic ranges,
genetic incompatibilities accumulated over time since divergence
may provide additional mating barriers. Consistent with the idea
that increasing genetic isolation over time can permit coexistence
of closely related species, recently diverged species can be geo-
graphically isolated during initial speciation but overlap increas-
ingly in range over the first million years after speciation (68). The
possibility that other traits (e.g., flowering time) allow species with
similar elevational distributions and flower tube lengths to coexist
should be investigated. The nuclear and cytonuclear discordance
documented herein indicates that reproductive barriers are some-
what leaky and nonsister species found in similar areas of ecomor-
phospace can interbreed (e.g., Oy lobata subsp. lobatal Cy.
magnicalyx on Maui and Cl. clermontioides! Cl. montis-loa on
Hawai'i). In Cyanea, some closely related species that occupy sim-
ilar parts of ecomorphospace on the same island might reflect
allopatric speciation on different parts of that island facilitated by
limited seed-dispersal distances, associated with relatively seden-
tary frugivorous birds of forest interiors (1, 8, 56).

Coda. This study represents the largest phylogenomic analysis of
any Hawaiian lineage in terms of total species sampled. As such, we
were able not only to address sources of phylogenomic discordance
across the radiation, but also date and infer repeated patterns
of dispersal, isolation, parallel adaptive radiation on different
islands, and allopatric speciation within and among islands.
Our well-resolved phylogeny greatly extends previous findings
of a progression rule in studies of a few species of Cyanea (7, 8)
to a dense sampling of the Hawaiian lobeliad clade (including
Sclerotheca).
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The initial rapid divergence by habitat in the Hawaiian lobeliads
accords with the expected pattern of trait disparification in adap-
tive radiations, in which niche breadth is filled early in diversifi-
cation (but see refs. 66 and 69). Subsequent parallel adaptive
radiations driven by ecological speciation within each major
island—a major finding of this paper supporting an earlier hypoth-
esis (1)—results in nonsister species occupying nearby parts of
niche space. Any breakdown of extrinsic barriers to reproduction
most likely occurs at the beginning of radiations within islands as
species and ecomorphological traits initially diverge as well as later
when subsequent ecological speciation places more distantly
related species in neighboring niche spaces within an island. Given
the expected effects of moderate dispersal ability, competition, and
selection for adaptive radiation and mating barriers (1, 51, 55-65),
especially in rapidly speciating, ecologically dominant groups
where competition among close relatives is likely to be more
important than competition with others in driving divergence
(56), similar patterns of parallel adaptive radiations and historical
gene flow should emerge as the number of phylogenomic investi-
gations of Hawaiian plant lineages continues to grow.

Materials and Methods

DNA Samples. We included 107 of the 114 extant species of Hawaiian lobeli-
ads, represented by 188 ingroup samples, plus eight outgroups (S/ Appendix,
Table S10). Our aim was to include one accession for each extant species and
subspecies from each volcano on which it occurs. Total genomic DNAs were used
from earlier studies or represented new collections. For new collections, leaf tissue
was stored on silica gel prior to DNA extraction using DNeasy Plant Mini Kits
(Qiagen, Valencia, CA) following the manufacturers protocol.

Nuclear Data. We targeted ~500 exons identified in an across-angiosperm
analysis of single-copy nuclearloci (70, 71).To improve enrichment efficiency and
extent of sequence variation captured, we targeted flanking regions that aligned
well across Hawaiian lobeliads using low coverage sequencing of entire genomes
(~15x)of Cl. lindseyana and Cy. pilosa. Following sequencing, we demultiplexed
reads passing the Casava highchastity filter in the lllumina software, with no index
mismatches tolerated. We then merged overlapping read pairs following (72) to
remove library adapters and correct sequencing errors. Using established pipe-
lines(73,74),we used a quasi-de novo approach to generate aligned assemblies
for 389 putatively orthologous loci.

Hawaiian lobeliads segregate as diploid (75), but there were a high number
of ambiguous base calls in our initial alignments of putative orthologs. Given
the ancient whole genome duplication within Lobelioideae ~15 to 20 Ma
(75-78), associated with acquisition of the woody habit in the ancestor of the
Pacific Island, African, and Asian lobeliads, this raised concerns that our initial
assembly contained paralogs. We therefore remapped all demultiplexed reads
to the majority-rule consensus sequence of each locus using HybPiperv.2.1.3
(79), mapping with the bwa algorithm (80), with potential homolog sequences
needing to >50% of the length of the reference to be included. Potential paral-
0gs were extracted using the script "paralog_retriver.py,” with 386 reassembled
loci possessing a manageable number of potential paralogs. For each group
of homologs, potential nonchimeric paralogs were aligned in MAFFT v.7.490
(81) using the function mafft in ips v.0.0.11 (82). Maximum likelihood gene
trees for each group of homologs were generated using the function optim.
pmlunderthe GTR model followed by 100 bootstrap (BS) replicates using the
function bootstrap.pm/in phangorn v.2.11.1 (83). Orthologs in each homolog
cluster were sorted using OrthoSNAP (84), collapsing branches with BS < 80
and only retaining ortholog clusters with >40 terminals. OrthoSNAP returned
691 ortholog clusters, 62 of which were single copy, for a mean = 1.79
0.62 SD orthologs per homolog. Orthologs were realigned using MAFFT and
visually inspected. Poor alignments were discarded, questionable sequences
were trimmed or completely removed from alignments as necessary, and sam-
ples with poor locus recovery removed entirely, resulting in a final dataset of
179 terminals, 633 loci (mean = 153.5 = 26.5 samples/locus, 14% missing
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sequences overall), and 1,139,014 aligned nucleotides (mean = 1,799.4 =
764.4 SD nucleotides/locus).

Plastomes. We generated both exon-only and complete plastome alignments.
We assembled exons by firstannotating a reference sequence of Cl. fauriei using
Chloé (85). We extracted each annotated region, discarding rRNA, tRNA, and
second inverted repeat regions, with the 76 resulting exons used as references
to assemble raw reads in HybPiper.

To assemble complete plastomes, we employed a reference-guided de novo
assembly using GetOrganelle v.1.7.7.0 (86). We tested various combinations
of parameters, with final parameters -R 20 -k 21,35,45,65,75,85,105,127. The
seed sequence for each sample was selected based on the closest relative with a
reference plastome available on GenBank (S/ Appendix, Table S11). Consensus
sequences were generated by mapping assembled contigs back onto the appro-
priate reference plastome in Geneious (87). Regions with a high mismatch score
from the reference were trimmed manually. We expanded outgroup sampling
by adding 22 plastomes from GenBank (S/ Appendix, Table S11). Datasets were
aligned using MAFFT, with alignments automatically timmed using TrimALv.1.4
(88) and further inspected manually. Samples with >50% missing data were
excluded from further analysis.

Phylogenetic Analyses. We selected the best nucleotide substitution model
for each nuclear locus using 1Q-TREE v.2.2.2.6 (89). Then, we reconstructed a
phylogenetic tree for the concatenated, partitioned, nuclear data under the
optimal substitution model for each locus using 1Q-TREE with 1,000 ultrafast
bootstrap replicates using the GENESTE resampling of partitions and then sites
within resampled partitions. Plastome genealogies were inferred in the same
way using the exon-only dataset, but for the complete plastome we assumed a
single partition under GTR+I+T".

Next, to examine how assuming a model consistent with the multispecies
coalescent might affect the nuclear topology, we used weighted ASTRALin ASTER
v.1.15.2.3(90, 91). We provided ASTRAL with gene trees for each locus inferred
using 1Q-TREE as above, with ASTRAL searches consisting of 16 search rounds
with 16 rounds of subsampling each round. To visualize conflict among nuclear
topologies, bootstrap replicates from the IQ-TREE analysis were mapped onto the
ASTRAL topology using SumTrees in DendroPy v.4.6.1(92).

Addressing Deep Discordance. Potential deep nuclear and cytonuclear dis-
cordance among the major clades of Hawaiian lobeliads plus Sclerotheca was
explored in three ways. First, gene tree support for possible clades within our
inferred gene trees was visualized using DiscoVista (93). We examined gene
tree support for both the major clades in our ASTRAL population tree, as well as
support for alternative backbone clades.

Second, to address possible deep reticulate evolution, we used PhyloNetworks
v.0.15.3 (94, 95) to estimate semidirected phylogenetic networks. For each gene
tree, we randomly selected one placeholder terminal from each of the eight genera/
sections (one placeholder for each clade of Cyanea), plus one outgroup. We only used
loci containing all 10 terminals (n = 471)and generated 10 such placeholder data-
sets. For each placeholder dataset, we first generated concordance factors from the
setof gene trees using the function readTrees2CF.Then, we estimated phylogenetic
networks using the snag! function; testing hypotheses of upto 0, 1, or 2 reticulations
(h) per set of trees, with 10 search replicates per value of h and identical starting
seeds. The backbone ASTRAL topology was used as a starting tree for searches where
h = 0, otherwise the best topology from the h-1 search was used. Models were
compared using their pseudolikelihood score (95). Based on our sampling strategy,
any differences among best networks should be due to phylogenetic uncertainty. To
summarize all 10 networks, we constructed the majority-rule consensus tree using
each major topology from the best-fitting network for each placeholder dataset,
manually adding the hybridization signal most frequent among the 10 networks.

Third, we addressed cytonuclear discordance by testing the hypothesis that
clades observed in the plastome tree but not the nuclear tree could be explained
by ILS alone. Using the ASTRAL tree, we simulated 5,000 nuclear gene trees using
the function sim.coal.mpest in Phybase v.2.0 (96). Then, simulated trees were
summarized onto the constrained exon-only plastid tree as a measure of bipar-
tition support for plastid clades under the expected distribution of nuclear gene
trees using SumTrees. Finally, we scored the plastid tree using the simulated
nuclear trees as input using ASTRALv.5.7.8.
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Interspecific Gene Flow. Given its size, our entire dataset was not tractable for
inferring explicit phylogenetic networks. We therefore screened for interspecific
gene flow through assessing site pattern probabilities. We analyzed the concate-
nated nuclear alignment using HyDe v.0.4.3(97).To reduce the number of rooted
quartets, we provided a mapping file guided by well-supported infraspecific
clades recovered in our ASTRAL tree, containing 107 ingroup terminals (595,455
quartets).

Divergence Time Estimation. Due to the large size of the dataset in both num-
ber of individuals and loci, we selected representative loci to calibrate trees to
absolute time. For the nuclear data, we used the ASTRAL tree with all branches
with LPP < 0.90 collapsed to guide locus selection. We collapsed branches in
each gene tree with BS < 33 and calculated the Robinson-Foulds similarity of
each collapsed gene tree to the collapsed ASTRAL topology using the R package
"TreeDist" v.2.0.3(98). To minimize missing data, we filtered alignments based on
a combination of containing the ultimate outgroup of L. nubigena, median BS >
50, and sample coverage =170, retaining the 13 loci most similar to the ASTRAL
topology and further removing samples with low coverage across the selected
loci for a total of 163 terminals and 23,129 aligned bp. Dropped individuals
were all species with multiple samples that fell sister to conspecific samples in
the full dataset. We calibrated the nuclear tree using BEAST2 v.2.7.5 (99) with a
single partition and the GTR+I+T" model with branch rates estimated under the
optimized relaxed clock (100) and birth-death tree prior. The posterior distribution
of trees was constrained to contain nodes of the ASTRAL topology with LPP > 0.9.
We applied 11 age priors based on two secondary dates (37) and nine priors
based on the geologic ages of Hawai'i, Marquesas, Maui Nui, or O'ahu (refs. 19
and 101 and S/ Appendix, Table $12). We used a uniformly distributed prior on
secondary dates, with the minimum and maximum ages corresponding to the
95% HPD of estimated node ages and a normally distributed prior on island ages.
Mean island age was based on the mean age for island habitability, with the SD
of each prior was set such that the upper bound of the 95% quantile for the prior
matched the minimum and maximum estimated ages of island habitability. We
ran each analysis for 100 million generations, with trees and parameters logged
every 10,000 generations. Following a 25% burn-in, the posterior distribution
of trees was summarized using TreeAnnotator by calculating both the maximum
clade credibility tree and by summarizing on the ASTRAL topology and calculating
common ancestor node heights.

For the plastome tree, we assumed that the genealogy based on data from
exons and spacers was a better estimate of relationships than the genealogy
based on exons alone. However, because fewer samples were present in the align-
ment containing exons and spacers, we first used the MLtopology from that data-
setto constrain the exon-only tree, collapsing branches of the constraint topology
with BS < 75, estimated in IQ-TREE as described above. Next, we selected the
exons present for >200/212 terminals, >800 bp in length, and with > 5% of
sites being parsimony informative, resulting in a dataset of 200 terminals and 14
exons for a total length of 24,371 aligned bp. BEAST parameters, chain lengths,
testing alternative tree priors, and tree summarization were the same as for
the nuclear data except for the following modifications. First, we estimated site
models for each exon using the best nucleotide substitution model selected in
IQ-TREE, keeping clock and tree models linked. Second, we fixed the topology
to match that of the supported (BS > 75) nodes of the constrained exon-only ML
tree. Third, the expanded outgroup sampling in the plastid dataset allowed us
to add an additional secondary date prior. Last, because the nuclear clade of OF
Cyanea on Maui Nui was not monophyletic, we split the prior into two constraints.

Historical Biogeography. Since initial results indicated that species may not
be monophyletic and we were also interested in understanding infraspecific pat-
terns of dispersal, we scored species/subspecies x island combination for one
of four island groups: Kaua'i (including Ni‘ihau), 0'ahu, Maui Nui (Lana'i, Maui,
and Moloka'i), or Hawai'i, or two extra-Hawaiian areas: Africa/Asia and Polynesia.
Scoring was based on the provenance of the sample, apart from three cases where
a multi-island species/subspecies were only represented by a single terminal,
in which case the tip was scored for the full range of the taxon. Under the coding
scheme of four-island groups, our sampling contained 109/159 possible island
x species combinations (87% of extant combinations).
Weestimatedancestralareasoneach BEASTchronogram usingthe maximum-
likelihood approach implemented in BioGeoBEARS v.1.1.3 (102, 103).

https://doi.org/10.1073/pnas.2421004122

We allowed each range to contain up to two areas and conducted a stratified
analysis, disallowing dispersal to Hawaii prior to the maximum estimated age
of island habitability. Because the Hawaiian lobeliads are much older than
the maximum age of Kaua'i, we did not use the age of that island to restrict
dispersal. Thus, "Kaua'i" effectively becomes “Kaua'i or older.” We employed
a dispersal multiplier to modify the dispersal probability among areas: 0.75
for dispersal to adjacent Hawaiian Islands, 0.25 for dispersal within Hawaii
but to nonadjacent Hawaiian Islands, or 0.1 for dispersal among areas out-
side the Hawaiian Islands. We compared model fit between DEC (dispersal-
extinction-cladogenesis; ref. 104) and DEC+J. For each model, we generated
100 stochastic maps to tally the average number of interisland dispersal
events between each pair of islands to examine how many conformed to the
progression rule.

Ecological Diversification among and within Islands. To further explore pat-
terns of diversification within and across island groups, we gathered trait data for
elevation and flower length as proxies for divergence in habitat and pollination
system, respectively. We took the midpoint of reported range of each trait, keeping
each island a separate data point for multi-island species. Elevational information
was supplemented by GBIF data (https://www.gbif.org/), and the mean from these
data superseded reported ranges, when available. GBIF names were standardized
based on our list of accepted taxa (S/ Appendix, Table S1). The entire process of
cleaning GBIF records is fully documented and reproducible in the code available
in the Dryad repository accompanying this paper (105).

We reconstructed the ecomorphospace of Hawaiian lobeliads as a biplot of
mean elevation and midpoint flower length and overlaid the nuclear chronogram
to generate a phyloecomorphospace that connects species based on their known
relationships. After excluding Brighamia, which is a clear outlier in both elevation
and flower length, associated with low-elevation sea cliffs and hawkmoth polli-
nation (unique in a clade otherwise marked by bird pollination), we examined
the partitioning of ecomorphospace among islands, clades, and islands x clades.
To place both variables on similar scales, we calculated the ratio of the ranges of
elevation and flower length (maximum maxima minus minimum minima across
all species). This yielded a ratio of 27.92 for all species and 28.31 for both Cyanea
and ClermontialCyanea. We multiplied flower lengths by the appropriate factor
for the focal clade in each analysis.

Following standardization, we visualized the two-dimensional clustering of
the breadth of ecomorphospace among clades and clades x islands as biplots
of both traits. We further investigated the scatter by calculating the convex hull
hypervolume for each grouping using the chull function (106). Because they
comprise the vast majority of species diversity in Hawaiian lobeliads, we broke
out Clermontia and Cyanea (the latter both binned as an ecological grouping
and treated as two clades) to further examine trait disparification. Using the
function dispRity.per.group in dispRity v.1.6.8 (107), we both quantified the
breadth of ecomorphospace occupied by each clade x island combination as
a convex hull hypervolume and examined differentiation among species within
each grouping calculated as the sum of variances in each variable. Differences
between groupings were tested using 100 rarefied bootstrap pseudoreplicates
with the test.dispRity function. Hypothesis tests consisted of Wilcoxon rank sum
tests on the bootstrap pseudoreplicates of each combination containing >four
species, with a Bonferroni correction for multiple comparisons. Under a scenario
of ecological speciation within islands, we expect the extent of ecomorphological
space occupied to increase with species number. We also expect high variance
among congeners.

Foreachisland x clade combination, we also examined how disparity varies
compared to that expected under a random assemblage of species by testing the
observed value of each disparity metric described above againstvalues generated
from 100 random, equally sized assemblages of congeners. The significance of
the observed value of each metric compared to that of random assemblages was
assessed using a one-sample t-test. Under a scenario of ecological speciation, we
expect observed assemblages to vary the same or more than a random sample
of species.

Data, Materials, and Software Availability. Raw reads have been deposited
in the NCBI Sequence Read Archive under BioProject PRINA1217876 (108).
Nucleotide alignments, phylogenetic trees, trait data, and code data have been
deposited in Dryad (Dryad: https://doi.org/10.5061/dryad.zpc866tj1) (105).
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