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School of Animal, Plant and Environmental Sciences, University of the Witwatersrand,

Johannesburg, Gauteng, South Africa

Abstract

Background and aims - The Tabebuia alliance is a widespread radiation of Neotropical trees and
shrubs spanning South America, Mesoamerica, the Caribbean and southernmost North America. |
hypothesised when the sampled radiation originated, whether its deepest geographic history was
centred in South America, and whether transitions among humid forest, seasonally dry tropical

forest and savanna are robust to uncertainty in the discrete-state transition model.

Materials and methods - | analysed a fixed time-scaled phylogeny with 69 ingroup terminals.
Divergence times were estimated in BEAST 2 from two independent 100-million-generation chains.
Historical geography was coded as South America, Central America plus Mexico, the Caribbean
and North America and analysed with unstratified DEC, DIVALIKE and BAYAREALIKE in
BioGeoBEARS. Biome occupancy was coded as humid forest, seasonally dry tropical forest and
savanna; polymorphic observations were treated as sets of compatible tip states and fitted under ER,
SYM and ARD in corHMM. Because biome models had similar AlICc support, 1,000 stochastic
character maps were generated under each model and key quantities were model-averaged.
Sensitivity analyses tested plausible recoding of low-confidence biome assignments and an

alternative equal root-state prior.

Key results - The crown of the Tabebuia alliance was dated to 36.06 Ma, with a central 95%

interval of 28.49-45.39 Ma. DEC and DIVALIKE together accounted for essentially all geographic-
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model weight, and every fitted geographic model placed virtually all root probability on ranges
containing South America. Biome-model selection was unresolved: SYM, ER and ARD had AICc
weights of 0.377, 0.334 and 0.289. Under the primary Yang/stationary treatment, the model-
averaged root probabilities were 0.546 for humid forest, 0.424 for seasonally dry forest and 0.030
for savanna. Forest states accounted for 93.3-97.5% of reconstructed evolutionary time. Sensitivity
analyses retained the same qualitative result: plausible recoding yielded forest-root probabilities of
0.952-0.987, whereas an equal root-state prior reduced model-averaged forest-root support to 0.867

without overturning forest-time dominance.

Conclusions - The sampled Tabebuia alliance most likely diversified during the late Eocene from
an ancestral range that almost certainly included South America. A long history of exchange
between humid and seasonally dry forests is more robust than any single directional scenario for
savanna evolution. Support for a forest-associated ancestor remained strong across all sensitivity

analyses, although the exact root-state probability depended on root-prior specification.

Keywords - ancestral range reconstruction; Bignoniaceae; biome shifts; BioGeoBEARS; corHMM;

historical biogeography; Neotropics; stochastic character mapping; Tabebuia alliance.

Introduction

Bignoniaceae are a predominantly tropical family in which trees, shrubs, lianas and a
smaller number of herbaceous lineages occupy markedly different geographic and ecological
settings, providing a useful comparative system for investigating how historical biogeography and
biome association interact during tropical plant diversification (Olmstead et al. 2009; Yan et al.
2026). The family-wide phylogenetic framework has changed substantially with molecular and,
more recently, phylogenomic data, which have clarified many major lineages while also revealing
that ancient incomplete lineage sorting and reticulate processes complicate parts of the deeper

history of Bignoniaceae (Olmstead et al. 2009; Yan et al. 2026).
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Within this broader radiation, the Tabebuia alliance is a conspicuous Neotropical clade of
primarily woody species that includes Tabebuia s.str., Handroanthus, Roseodendron, Crescentieae
and allied genera historically embedded within or placed close to Tabebuia s.l. (Grose & Olmstead
2007a, 2007b; Olmstead et al. 2009). The alliance has been treated as comprising approximately 14
genera and about 147 species, with a distribution extending from South America through Central
America and Mexico to the Caribbean and, in a small number of taxa, southern North America
(Costa et al. 2019; POWO 2026). Molecular analyses demonstrated that the traditional broad
concept of Tabebuia was polyphyletic and led to taxonomic changes that recognised segregate
lineages such as Handroanthus and Roseodendron, thereby providing a clearer phylogenetic
framework for macroevolutionary questions (Grose & Olmstead 2007a, 2007b). The resulting
alliance is particularly suitable for joint analysis of geography and ecology because its lineages
combine continental and insular distributions with occupancy of humid forests, seasonally dry

forests and open savanna systems (Gentry 1992; Grose & Olmstead 2007a; Costa et al. 2019).

Historical biogeography in the Neotropics reflects the combined effects of dispersal, range
expansion, vicariance and extinction, and those processes need not have contributed equally to
continental radiations and island floras (Santiago-Valentin & Olmstead 2004; Lohmann et al. 2013;
Matzke 2014). The Caribbean is especially informative because its complex geological history and
long isolation have produced repeated debates over the relative importance of vicariance and long-
distance dispersal in explaining plant distributions (Santiago-Valentin & Olmstead 2004). Earlier
work on the Tabebuia alliance inferred multiple movements from mainland source areas into the
Greater Antilles, indicating that repeated range expansion and dispersal are central rather than

exceptional features of the group's history (Grose & Olmstead 2007a).

A comparable pattern occurs in Bignonieae, where a South American origin was followed

by repeated geographic exchanges rather than a single unidirectional expansion, suggesting that
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recurrent movement among Neotropical regions may be a broader feature of Bignoniaceae
diversification (Lohmann et al. 2013). Probabilistic models of range evolution provide a formal way
to compare such histories because DEC-like, DIVA-like and BayArea-like models differ in the
processes by which ancestral ranges are transformed along branches and inherited at cladogenesis
(Matzke 2014). At the same time, the use of founder-event extensions such as DEC+J as direct
competitors to DEC has raised conceptual and statistical concerns, so a conservative comparison of
non-+J alternatives remains useful when the goal is to identify geographic conclusions that are

stable across standard likelihood models (Ree & Sanmartin 2018; Matzke 2014).

Geographic history alone cannot explain the ecological diversification of the alliance
because many sampled lineages occur in vegetation types that differ strongly in water seasonality,
canopy structure, fire regime and spatial continuity (Gentry 1992; Pennington et al. 2009; Simon &
Pennington 2012). Humid and seasonally dry tropical forests support contrasting woody floras and
differ in ecological stability and water availability, yet both can retain long-lived tree lineages and
occur in mosaics that create opportunities for repeated ecological exchange (Pennington et al. 2009;
Pennington & Lavin 2016). Neotropical savannas impose a different set of ecological filters because
recurrent fire, open-canopy conditions and seasonal water limitation can favour traits that are not
required in closed forest environments (Simon et al. 2009; Simon & Pennington 2012). The Cerrado
also illustrates why geographic-domain membership cannot simply be equated with savanna
occupancy, because its regional flora includes grasslands, savannas, woodlands, gallery forests and
other forest physiognomies that differ greatly in ecological regime (Simon et al. 2009; Simon &
Pennington 2012). Biome evolution is therefore best modelled as transitions among ecological
states rather than inferred indirectly from broad geographic occurrence, especially for species that

genuinely span more than one biome (Donoghue & Edwards 2014).
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Discrete-state reconstructions are themselves model-dependent because equal-rates,
symmetric and all-rates-different models make increasingly flexible assumptions about the number
and direction of transition rates (Beaulieu et al. 2013; Boyko & Beaulieu 2021). Stochastic
character mapping can propagate uncertainty in node states and event timing by sampling complete
histories conditional on the phylogeny, observed tip states and fitted transition process rather than
reducing the analysis to a single optimal reconstruction (Bollback 2006; Boyko & Beaulieu 2021).
When several transition models have similar information-theoretic support, repeating stochastic
mapping under each plausible model and model-averaging selected quantities can distinguish stable
macroevolutionary conclusions from narratives that are artefacts of one rate structure (Burnham &

Anderson 2002; Donoghue & Edwards 2014).

Here | integrate molecular dating, historical biogeography and model-sensitive biome
reconstruction for 69 sampled terminals of the Tabebuia alliance to test whether the early radiation
was geographically centred in South America and ecologically centred in forests (Grose &
Olmstead 2007a; Olmstead et al. 2009). | further ask whether repeated exchange between humid
and seasonally dry forests is recovered consistently across transition models, whether savanna
occupation represents a large or small fraction of the alliance's evolutionary history, and whether the
direction and timing of savanna transitions remain stable when ER, SYM and ARD are all

considered (Donoghue & Edwards 2014; Boyko & Beaulieu 2021).

Material and methods

Phylogenetic sampling, molecular data and fixed topology
The divergence-time analysis used 80 terminals: 69 sampled terminals of the Tabebuia
alliance and 11 outgroups. The ingroup therefore represents approximately 46.9% of the

approximately 147 species currently recognised in the alliance. The starting molecular dataset
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contained the 69 ingroup terminals plus Sparattosperma catingae and S. leucanthum. Nine
additional external terminals were added to provide a broader Bignoniaceae calibration context:
Jacaranda mimosifolia, Tecoma stans, Argylia bustillosii, Oroxylum indicum, Delostoma
integrifolium, Catalpa aff. speciosa, Bignonia capreolata, Kigelia africana and Paulownia
tomentosa. Added terminals were represented only by published INSDC/GenBank sequence data;
loci unavailable for a terminal were retained as missing data rather than imputed (Grose &

Olmstead 2007a; Olmstead et al. 2009; Yan et al. 2026).

The concatenated alignment comprised 5,179 nucleotide positions from five loci: trnL-F,
sites 1-950; ndhF, 951-3,052; matK, 3,053-4,008; rbcL, 4,009-4,512; and nuclear ITS, 4,513-5,179.
For likelihood and dating analyses, these were represented by four partitions: trnL-F, ndhF, a linked
matK+rbcL plastid partition, and ITS. The matK and rbcL blocks were linked because ModelFinder
had merged them in the preceding maximum-likelihood analysis. No sequence block was filled by

simulation or consensus substitution.

The phylogenetic scaffold was established before dating. The 71-terminal molecular matrix
was analysed in IQ-TREE 3 wusing partition-aware model selection and merging (-m
MFP+MERGE), 1,000 ultrafast bootstrap replicates with BNNI correction (-B 1000 --bnni), 1,000
SH-aLRT replicates (-alrt 1000), automatic thread selection, and Sparattosperma catingae plus S.
leucanthum as outgroups (Minh et al. 2020). An expanded 80-terminal analysis was then reconciled
with the strongly supported ingroup relationships and the current family-level phylogenomic
backbone, because the deepest relationships among the added outgroups were weakly resolved by
the sparse five-locus matrix but better supported by family-scale phylogenomic evidence (Olmstead
et al. 2009; Yan et al. 2026). The resulting fixed scaffold constrained Bignoniaceae, the Tabebuia

alliance and Bignonieae as monophyletic, retained the Catalpa-Delostoma relationship, and placed
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Kigelia as the sampled sister lineage to the Tabebuia alliance within the adopted deep backbone.

The exact 80-terminal topology used for dating is supplied machine-readably as Data S9.

Topology-changing operators were disabled during the dating analysis. Consequently,
divergence-time posterior distributions describe temporal and rate uncertainty conditional on this
scaffold; posterior clade probabilities of 1.0 are a consequence of the fixed topology and were not

interpreted as independent measures of phylogenetic support.

Divergence-time estimation and fossil calibrations

Divergence times were estimated in BEAST 2.7.7 (Bouckaert et al. 2019). Each of the four
partitions had an independent GTR + Gamma4 site model, with partition-specific base frequencies
and exchangeabilities. The three plastid partitions shared an optimised uncorrelated lognormal
relaxed clock (ORC), whereas ITS had a separate ORC; a Yule pure-birth process was used as the
tree prior (Douglas et al. 2021). Exact substitution-model priors, relative partition-rate priors, initial

values and clock hyperparameters are archived in Data S10 and Data S12 rather than repeated here.

The dating analysis therefore estimated node ages and branch-specific rates conditional on the fixed
phylogenetic scaffold and the two relaxed-clock processes. Complete machine-readable settings for
the fitted posterior model, including GTR parameterisation, gamma-shape priors, relative mutation-
rate scalars, ORC priors and the Yule birth-rate prior, are supplied in the supplementary

reproducibility archive (Data S10-S12).

Two lognormal fossil constraints were applied. First, the root MRCA of all 80 terminals (69
ingroup + 11 outgroups, including Paulownia tomentosa) received a hard minimum offset of 49.40
Ma and LogNormal(M = 1.5, S = 0.8), corresponding to a prior median of 53.88 Ma and an
approximate 95% prior interval of 50.33-70.90 Ma. This constraint was based on late early-Eocene

Bignoniaceae reproductive fossils from the Republic flora of Washington State and is a minimum-
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age constraint on the sampled tree root rather than on the Tabebuia-alliance crown (Pigg & Wehr
2002). Second, the MRCA of Delostoma integrifolium and Catalpa aff. speciosa received a hard
minimum offset of 38.50 Ma and LogNormal(M = 1.0, S = 0.8), with prior median 41.22 Ma and
approximate 95% prior interval 39.07-51.54 Ma, based on the late-Eocene Catalpa seed record
from the Whitecap Knoll/John Day Formation of Oregon (Manchester 2000; Yan et al. 2026). The

calibrated taxon sets, offsets and prior parameters are reproduced in Data S10.

Two independent MCMC chains were run for 100,000,000 generations, sampling
parameters and trees every 5,000 generations and yielding 20,001 logged samples per chain
including state zero. A 10% burn-in was removed separately from each chain, retaining 18,001
posterior samples per run (36,002 combined). Convergence and mixing were assessed on the
combined post-burn-in samples using effective sample size (ESS) and between-chain R-hat; all
monitored variable parameters had ESS > 200 and R-hat < 1.01. Exact random seeds and execution

settings are archived in Data S12.

The two burn-in-filtered tree samples were concatenated and summarised in TreeAnnotator using
mean node heights; because burn-in had already been removed before combination, the
TreeAnnotator step used -burnin 0 -heights mean. With a fixed topology, the resulting maximum-
clade-credibility (MCC) tree functions as a posterior summary of node ages rather than a selection
among alternative topologies. The 80-terminal MCC tree is Data S9, and it was pruned with ape to
the 69 ingroup terminals to provide the common dated tree for all historical-biogeographic and

biome analyses (Paradis & Schliep 2019).

All downstream comparative analyses were intentionally conducted on this single MCC
chronogram so that uncertainty arising from geographic models, transition models, biome coding
and root priors could be compared on an identical temporal scaffold. This choice does not propagate

the posterior distribution of node ages into BioGeoBEARS or stochastic mapping. Repeating those
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analyses across a thinned posterior sample would quantify temporal uncertainty; evaluating
topological uncertainty would additionally require alternative supported topologies or a dating
analysis in which topology was sampled. Because topology was fixed a priori, posterior tree

sampling in the present BEAST analysis represents temporal, not topological, uncertainty.

Geographic coding and historical biogeography

Native geographic distributions of the 69 ingroup terminals were coded in four operational
areas: South America (SA), Central America plus Mexico (CAM), the Caribbean (CAR), and North
America north of Mexico (NA). The coding was designed to separate the principal mainland and
island components of the alliance while keeping the state space tractable. Introduced and clearly
cultivated records were excluded. Native ranges were cross-checked against taxonomic treatments,
regional floras and Plants of the World Online, and multi-area species retained all documented
native areas (Gentry 1992; Costa et al. 2019; Gomez-Dominguez et al. 2021; POWO 2026). The

exact matrix and evidence audit are Data S2.

Historical-range evolution was analysed in BioGeoBEARS 1.1.1 under DEC, DIVALIKE
and BAYAREALIKE (Matzke 2014). The 69-tip dated tree and Lagrange-format geography file
were required to contain identical taxon labels. The maximum range size was four, the null range
was included in the model state space, the minimum branch length was 1 x 107-6, and ancestral-
state probabilities were calculated from conditional likelihoods. Optimisation settings, deterministic

seeds and the complete executable runner are archived in Data S7 and Data S12.

The analyses were unstratified MO fits: no time slices, dispersal-multiplier matrices,
adjacency constraints, areas-allowed matrices or geographic-distance matrices were imposed. This
deliberately avoids adding poorly constrained palaeogeographic assumptions to a coarse four-area
coding. The founder-event parameter j was fixed at zero in every fitted model. Founder-event +J
variants were excluded because direct information-theoretic comparison of DEC and DEC+] is
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statistically and conceptually problematic, and because the objective was to identify conclusions
stable across standard likelihood formulations rather than to test founder-event speciation as a

separate process (Ree & Sanmartin 2018).

For each model | retained log likelihood, number of free parameters, fitted dispersal and
extinction parameters, AIC, AlCc, Delta AlCc, AICc weight, and the complete marginal ancestral-
range probability vector at every node. AlICc was calculated as AIC + 2k(k+1)/(n-k-1), with n = 69
ingroup terminals, and AICc weights as exp(-Delta AICc/2) normalised across the three models. 1
additionally calculated AICc-weighted root-range probabilities and the summed probability that
each individual area was present at the root, thereby separating uncertainty in complete ancestral-
range identity from support for the presence of South America or other areas (Burnham & Anderson

2002).

Biome coding and discrete-state models

Each ingroup terminal was coded for occupancy of humid forest (H), seasonally dry tropical
forest (D) and savanna (S). The three-state scheme is an operational ecological framework rather
than a literal representation of every vegetation type occupied by the alliance. It was chosen to test
broad forest-savanna transitions while keeping state definitions interpretable across a
geographically widespread clade. Species documented from more than one category retained
polymorphic observations (H&D, H&S, D&S or H&D&S). In corHMM these observations were
supplied as sets of compatible tip states: each compatible state received tip likelihood 1, and

combinations were not treated as additional evolutionary states (Boyko & Beaulieu 2021).

Biome assignments were compiled from taxonomic monographs, regional floras and curated
distribution resources, with particular attention to distinguishing true savanna occupancy from
records that occur within broad geographic regions containing both forests and open vegetation
(Gentry 1992; Pennington et al. 2009; Costa et al. 2019; Gomez-Dominguez et al. 2021; POWO
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2026). The final matrix contained 34 H-only, 12 D-only, three S-only, nine H&D, six H&D&S,
three D&S and two H&S terminals. An evidence audit classified 55 assignments as high
confidence, 12 as medium confidence and two as low confidence. The matrix, evidence sources and

confidence scores are Data S3.

Biome evolution was fitted in corHMM 2.10.5 using a single observed rate category
(rate.cat = 1), marginal ancestral-state reconstruction (node.states = "marginal™), the
Yang/stationary root treatment (root.p = "yang"), 100 random optimisation starts per model and tip-
state likelihoods returned for validation (Beaulieu et al. 2013; Boyko & Beaulieu 2021). | fitted ER,
SYM and ARD: ER constrains all six directional changes to one common rate; SYM estimates one
rate for each unordered state pair while constraining forward and reverse directions to equality; and
ARD estimates all six directional rates independently. Model fits were compared with AlCc, Delta
AICc and normalised AlICc weights, using n = 69 terminals for the small-sample correction. Exact

fitting seeds and platform-specific execution settings are archived in Data S7 and Data S12.

Stochastic character mapping, model averaging and sensitivity analyses

Stochastic character mapping was used to propagate transition-history uncertainty
conditional on the dated tree and each fitted rate matrix. | generated 1,000 maps under each of ER,
SYM and ARD using corHMM::makeSimmap with the fitted model-specific Q matrix, rate.cat = 1
and rootp = "yang". Transition counts and state dwell times were summarised with
phytools::countSimmap and phytools::describe.simmap (Revell 2012). Exact batching,
deterministic seeds and execution settings are archived with the reproducible runner in Data S7 and

Data S12.

For each model, | calculated the distribution of directional transition counts, total branch
length spent in H, D and S, root-state frequencies, internal-node state probabilities and mapped
transition ages. Event ages were expressed as millions of years before present from their positions
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on the ultrametric chronogram. Summary statistics were means, medians and central 95% quantile
intervals over the 1,000 maps. Model-averaged root probabilities, state-time fractions, selected
internal-node probabilities and expected transition counts were obtained by weighting model-

specific estimates by their normalised AICc weights (Burnham & Anderson 2002).

Coding sensitivity was assessed for the two terminals classified as low confidence.
Spirotecoma holguinensis was reanalysed as S and D&S instead of primary D, and Tabebuia
acrophylla as D and D&S instead of primary S; | also evaluated a reciprocal extreme recoding and a
scenario in which both terminals were D&S. ER, SYM and ARD were re-fitted for every coding
scenario and the AlCc-weighted summaries were recalculated. These analyses are supplied with

executable code and full outputs as Data S11.

Root-prior sensitivity was evaluated by re-fitting ER, SYM and ARD with equal root-state
frequencies in place of the primary Yang/stationary treatment. An independent continuous-time
Markov-chain implementation used Felsenstein-style pruning and matrix-exponential calculations
to obtain exact expected state times and directional transition counts. Baseline likelihoods
reproduced the archived corHMM values to machine precision, and baseline exact expectations
closely reproduced the means from the 1,000 stochastic maps. Executable code, validation outputs
and exact numerical-library versions are supplied in Data S11 and Data S12 (Harris et al. 2020;

Virtanen et al. 2020).

Software, reproducibility and reporting conventions

The final analyses used R 4.6.1 with BioGeoBEARS 1.1.1, ape 5.8-1, phytools 2.5-2 and
corHMM 2.10.5; the independent coding- and root-prior sensitivity workflow used Python 3.13.5
with NumPy and SciPy (R Core Team 2026; Paradis & Schliep 2019; Revell 2012; Harris et al.

2020; Virtanen et al. 2020). Software versions are reported here because they can affect
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optimisation and simulation results, while complete session information, lower-level dependency

versions, seeds and executable commands are retained in Data S7, Data S11 and Data S12.

All biological ages in narrative text are reported to two decimal places, probabilities to three
decimal places and percentages to one decimal place; optimisation parameters and prior
hyperparameters retain the precision required to reproduce the fitted model. AIC/AICc values and
rate estimates retain the precision shown in the archived model tables. This policy was applied

consistently across the Abstract, Results, Discussion, tables and figure legends.

Data S1-S12 provide the dated ingroup tree, geographic and biome matrices and audits,
BioGeoBEARS outputs, corHMM outputs, 1,000-map-per-model sensitivity summaries, executable
R/PowerShell/Python scripts, final BEAST logs, the full 80-tip MCC tree, calibration provenance,
the posterior-model snapshot and a reproducibility manifest. BioGeoBEARS, corHMM, stochastic-
map, model-averaging and coding/root-prior sensitivity analyses can therefore be rerun from the
archived inputs and scripts. The BEAST model and posterior are auditable from Data S8-S10, but
the exact concatenated alignment and original launch XML were not present in the recovered
submission archive; a de novo sequence-likelihood rerun of the dating stage therefore requires

recovery of those two original files. No absent molecular input was reconstructed or fabricated.

Results

Molecular dating and chronogram

The two final BEAST chains converged after extension to 100 million generations each.
After 10% burn-in, no monitored variable parameter had a combined ESS below 200 or an R-hat
above 1.01; the minimum combined ESS was approximately 279.5, and the maximum R-hat was
approximately 1.004. The plastid optimised-relaxed-clock mean-rate parameter, which had been the

slowest-mixing quantity in earlier runs, reached a combined ESS of approximately 279.5, while the
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crown-age statistic for the 69-terminal Tabebuia alliance had an ESS of approximately 2,762. All
sampled trees retained the supplied fixed topology. The 80-terminal root had a mean age of
approximately 61.44 Ma, and the crown of the sampled 69-terminal Tabebuia alliance was
estimated at 36.06 Ma with a central 95% interval of 28.49-45.39 Ma. The extracted ingroup

chronogram was exactly ultrametric, with every root-to-tip distance equal to 36.06 Ma (Fig. 1).
Historical biogeography

The geographic matrix contained 21 CAM-only terminals, 18 CAR-only terminals, 15 SA-
only terminals, eight SA+CAM terminals, three SA+CAM+CAR terminals, two SA+CAR
terminals, one CAM+CAR terminal and one terminal spanning SA+CAM+CAR+NA. DEC had the
lowest AICc (193.133) and an AlCc weight of 0.590, but DIVALIKE was close (AlCc 193.858;
delta AICc 0.725; weight 0.410). BAYAREALIKE was substantially poorer (AICc 222.689; delta
AICc 29.556; weight <0.001) (Table 1; Figs 1B, 2A). Under DEC, the four principal root states
were SA (0.375), SA+CAR (0.318), SA+CAM+CAR (0.209) and SA+CAM (0.096). DIVALIKE
concentrated root probability more strongly on SA (0.900), with smaller probabilities for
SA+CAM+CAR (0.066), SA+CAR (0.018) and SA+CAM (0.016). BAYAREALIKE also assigned
its largest root probability to SA (0.921). Because DEC had the smallest AlCc, its node-wise
ancestral-range reconstruction is shown in Fig. 1B; the close support for DIVALIKE means that this
panel is illustrative rather than evidence that DEC is uniquely preferred. Across the three fitted
models, the probability that South America was present in the root range was 0.999-1.000 (Fig. 2B-
C). AICc model averaging yielded root probabilities of 0.590 for SA, 0.195 for SA+CAR, 0.150 for
SA+CAM+CAR and 0.063 for SA+CAM, with an overall model-averaged probability of 0.999 that

South America was included in the root range.
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Biome-model comparison and root reconstruction

Biome-model selection did not identify a decisive transition model. SYM had the lowest
AICc (92.515) and weight 0.377, ER had AICc 92.760 and weight 0.334, and ARD had AlCc
93.046 and weight 0.289; all three models therefore had delta AICc < 1 (Table 2; Fig. 3A). Root-
state frequencies from 1,000 stochastic maps were H = 0.586, D = 0.357 and S = 0.057 under ER; H
=0.521, D =0.477 and S = 0.002 under SYM; and H = 0.532, D = 0.433 and S = 0.035 under ARD.
The corresponding AlCc-weighted model-averaged root probabilities were H = 0.546, D = 0.424
and S = 0.030, so the combined model-averaged probability of a forest-associated root was 0.970

(Fig. 3B).

Evolutionary time in biomes and transition sensitivity

The fraction of total tree length assigned to humid forest was 0.660 under ER, 0.652 under
SYM and 0.633 under ARD; seasonally dry forest accounted for 0.273, 0.323 and 0.310; and
savanna accounted for 0.067, 0.025 and 0.057, respectively (Fig. 3C). The AlCc-weighted fractions
were 0.649 for H, 0.303 for D and 0.048 for S. Thus, forest states jointly accounted for 93.3-97.5%
of total reconstructed evolutionary time in every fitted model. Mean H->D transition counts were
10.5 under ER, 13.5 under SYM and 8.9 under ARD, whereas D->H means were 3.6, 7.3 and 7.1.
Mean H->S counts were 5.4, 3.9 and 9.5, respectively. ER inferred a mean of 1.7 D->S events,
while SYM and ARD inferred none. Reverse transitions from savanna were also highly model-
sensitive: S->H means were 1.7, 0.2 and 6.2 under ER, SYM and ARD, while S->D means were
2.1, 0 and 4.8 (Table 3; Fig. 4A). Total mean transition counts were 24.9 under ER, 24.9 under
SYM and 36.4 under ARD. AlCc model averaging gave expected counts of 11.2 H->D, 6.0 D->H,
6.0 H->S, 0.6 D->S, 2.4 S->H and 2.1 S->D transitions. Among direct entries into savanna, 91.2%

of the model-averaged H->S plus D->S expectation was attributable to H->S.
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Timing of biome shifts and clade-level reconstructions

Mapped event ages also depended on the transition model (Fig. 4B). Median H->S ages
were 5.00 Ma under ER, 2.60 Ma under SYM and 6.70 Ma under ARD, whereas median H->D ages
were 5.30, 5.40 and 6.00 Ma. The central 95% event-age intervals were broad and strongly
overlapping among transition types and models. Across internal nodes, 64 of 68 nodes had the same
maximum-probability biome state under ER, SYM and ARD, indicating substantially greater cross-
model stability in broad node-state assignment than in inferred transition counts. AlCc-weighted
genus-crown probabilities were strongly humid-forest biased in Amphitecna (H = 0.998),
Parmentiera (0.987), Crescentia (0.883) and Tabebuia (0.726), strongly dry-forest biased in
Ekmanianthe (D = 0.940) and Zeyheria (0.882), and equivocal in Handroanthus (H = 0.554; D =

0.422) (Table 4; Fig. 5).

Coding and root-prior sensitivity

Plausible recoding of the two LOW-confidence terminals did not change the main ecological
conclusions. Across the tested recoding scenarios, AlCc-weighted P(H or D) at the root ranged from
0.952 to 0.987, forest states accounted for 0.930-0.971 of total expected branch time, and 83.7-
92.2% of expected direct entries into savanna arose from H rather than D. The most extreme
reciprocal recoding therefore weakened some numerical estimates but did not reverse the qualitative

conclusions (Data S11).

Root-prior choice affected the strength, but not the direction, of the broad root inference. In
the independently validated exact-likelihood calculation, AlCc-weighted P(H or D) was 0.968 under
the Yang/stationary treatment and 0.867 when all three root states were assigned equal prior
frequency and ER, SYM and ARD were re-fitted. By contrast, the forest branch-time fraction
remained 0.949 under the equal root prior and 91.4% of expected direct savanna entries still arose
from H. I therefore treat forest ancestry as favoured rather than prior-invariant at a fixed probability,
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while the dominance of forest evolutionary time and the model sensitivity of savanna routes are

robust to this additional assumption (Data S11).

Discussion

South America is robustly reconstructed, but root-range size is not

The strongest geographic conclusion is not that the ancestor was strictly endemic to South
America, but that South America was almost certainly part of the ancestral range under every fitted
geographic model (Matzke 2014; Burnham & Anderson 2002). That distinction matters because
DEC distributed appreciable root probability among SA, SA+CAR, SA+CAM and
SA+CAM+CAR, whereas DIVALIKE placed far more probability on SA alone, so the complete
ancestral range remains more model-sensitive than the presence of South America itself (Matzke
2014). The near-equivalence of DEC and DIVALIKE by AICc reinforces this interpretation because
the data do not justify choosing one model-specific root state as the unique historical solution

(Burnham & Anderson 2002; Matzke 2014).

A model-averaged probability of approximately 99.9% that South America was present at
the root is therefore a more defensible macrobiogeographic result than the stronger claim of strict
South American endemism at the origin of the alliance (Burnham & Anderson 2002). This inference
accords with earlier phylogenetic work that placed repeated Greater Antillean colonisations within a
broader mainland history of the alliance rather than treating the Caribbean as the sole centre of
origin (Grose & Olmstead 2007a; Santiago-Valentin & Olmstead 2004). It also resembles the
history inferred for Bignonieae, where South American ancestry was followed by repeated
exchanges among Neotropical regions over long intervals rather than a single linear expansion

(Lohmann et al. 2013).

Page 17



397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

The Caribbean signal in the present dataset should consequently be interpreted as evidence
of repeated incorporation of island ranges into a predominantly mainland-rooted radiation, not as
evidence for one discrete colonisation event (Santiago-Valentin & Olmstead 2004; Grose &
Olmstead 2007a). Because our operational CAR area pools the Greater Antilles, Lesser Antilles and
other Caribbean islands, the analysis cannot distinguish repeated island-to-island dispersal,
independent mainland-to-island movements or lineage persistence within individual islands
(Santiago-Valentin & Olmstead 2004; Matzke 2014). Likewise, combining Mexico and Central
America into CAM makes the present analysis appropriate for continental-scale history but

deliberately coarse for questions about northward expansion within Mesoamerica (Matzke 2014).

A late-Eocene crown links the alliance to broader Bignoniaceae diversification

The estimated crown age of 36.06 Ma places the sampled Tabebuia alliance in the late
Eocene, substantially after the deeper early-Eocene diversification now inferred for several major
Bignoniaceae lineages from phylogenomic data (Yan et al. 2026). This temporal placement suggests
that the alliance represents a later Neotropical radiation nested within an older family history rather
than one of the earliest divergences of Bignoniaceae (Olmstead et al. 2009; Yan et al. 2026). The
broad 95% interval of 28.49-45.39 Ma nevertheless spans part of the middle Eocene to Oligocene
transition, so the dating result should be used as a temporal framework rather than treated as a point

estimate with geological precision (Bouckaert et al. 2019).

This caution is especially important because the dating analysis conditioned on a fixed
topology, and recent phylogenomic work shows that ancient incomplete lineage sorting and
reticulation can complicate deep relationships in Bignoniaceae (Yan et al. 2026). The temporal
results therefore provide a useful scaffold for comparative reconstruction while remaining
conditional on both the supplied topology and the fossil-calibration configuration encoded in the

final BEAST analysis (Bouckaert et al. 2019; Yan et al. 2026). Repeating the biogeographic and
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biome analyses across a representative sample of dated posterior trees would be the next step for
propagating temporal uncertainty beyond the MCC chronogram used here (Bouckaert et al. 2019;

Matzke 2014).

Forest ancestry is more secure than the identity of the ancestral forest biome

The ecological reconstruction is analogous to the geographic result in that a broad
conclusion is much more stable than the identity of a single ancestral state (Burnham & Anderson
2002; Donoghue & Edwards 2014). All three transition models placed the great majority of root
probability on H or D under the primary Yang/stationary treatment, and model averaging assigned
approximately 97.0% probability to a forest-associated ancestor while leaving the humid-versus-dry
distinction unresolved (Burnham & Anderson 2002; Boyko & Beaulieu 2021). The equal-root
sensitivity reduced this broad forest probability to approximately 87.0%, showing that the exact
numerical strength of root support is prior-dependent even though forest association remained the

predominant reconstruction.

The same conclusion is reinforced by reconstructed evolutionary time, because humid and
seasonally dry forests together accounted for more than 93.0% of total branch length under ER,
SYM and ARD (Bollback 2006; Boyko & Beaulieu 2021). For a predominantly woody tropical
radiation, this strong forest signal is consistent with the ecological setting of many constituent
genera and with the long evolutionary importance of both wet and seasonally dry forests for
Neotropical tree diversity (Gentry 1992; Pennington et al. 2009; Costa et al. 2019). The result does
not imply ecological equivalence between humid and seasonally dry forests, because those biomes
differ strongly in water deficit, phenology, spatial continuity and community composition

(Pennington et al. 2009; Pennington & Lavin 2016).

Instead, it indicates that the principal ecological axis reconstructed for the alliance lies

within a predominantly forested history in which transitions between wetter and more seasonal
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woody vegetation were repeatedly accessible (Donoghue & Edwards 2014; Pennington & Lavin
2016). The substantial H<->D transition expectation recovered under every model supports that
interpretation because the existence of repeated humid-dry exchange is insensitive to whether rates
are constrained as equal, symmetric or fully directional (Beaulieu et al. 2013; Boyko & Beaulieu
2021). This repeated exchange is compatible with a Neotropical landscape in which wet and
seasonally dry forests can occur as geographically fragmented but recurrently adjacent systems,
allowing lineages to encounter contrasting moisture regimes without necessarily crossing into open

fire-dominated vegetation (Pennington et al. 2009; Pennington & Lavin 2016).

Savanna is derived, but its evolutionary pathway is model-sensitive

Savanna occupancy represents only a small fraction of reconstructed evolutionary time,
making it a comparatively derived component of the sampled radiation under every fitted transition
model (Donoghue & Edwards 2014; Simon et al. 2009). That robust conclusion should be separated
from the much less stable question of how lineages entered and left savanna, because ER, SYM and
ARD produced markedly different directional histories despite virtually indistinguishable AICc
support (Burnham & Anderson 2002; Beaulieu et al. 2013). SYM concentrated savanna evolution
almost entirely in H->S changes with very few reversals, ER permitted entries from both H and D
as well as reversals to both forest states, and ARD inferred substantially more H->S and reverse S-

>H or S->D events (Boyko & Beaulieu 2021).

None of those narratives can be treated as uniquely supported because all three models had
delta AICc values below one and retained appreciable Akaike weights (Burnham & Anderson
2002). Model averaging nevertheless preserves a directional tendency: approximately 91.0% of the
expected direct entries into savanna were H->S rather than D->S, so humid forest is the
predominant reconstructed source without being the exclusive source (Burnham & Anderson 2002;

Bollback 2006). This distinction is biologically important because a claim of exclusive humid-forest
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origin would disappear under ER, whereas a statement of predominant humid-forest contribution

remains compatible with the full model set (Burnham & Anderson 2002).

The reconstructed route should also not be equated automatically with movement from
rainforest into modern Cerrado because geographic domains can contain gallery forest, woodland
and other physiognomies that differ substantially from open savanna (Simon et al. 2009; Simon &
Pennington 2012). Our explicit treatment of polymorphic observations reduces that problem by
allowing taxa documented from multiple biomes to contribute tip likelihood to each compatible
state rather than forcing every species into a single ecological category or creating composite
evolutionary states (Boyko & Beaulieu 2021). Even so, the three-state coding should be viewed as
an operational ecological framework rather than a literal representation of all vegetation types
occupied by the alliance. Future work that separates additional dry-forest, woodland, scrub and fire-
prone vegetation states may reveal finer ecological pathways not identifiable here (Donoghue &

Edwards 2014; Simon & Pennington 2012).

The timing of savanna shifts cannot be reduced to a single temporal narrative

The transition-model sensitivity changes the temporal interpretation as strongly as it changes
the directional interpretation because the median H->S event age shifts from approximately 2.60 Ma
under SYM to 6.70 Ma under ARD (Bollback 2006; Boyko & Beaulieu 2021). Under SYM alone,
this pattern could be read as evidence that entry into savanna was systematically more recent than
much of the H<->D interchange, but that ordering is not retained by ER or ARD (Burnham &
Anderson 2002; Donoghue & Edwards 2014). A general claim that forest differentiation preceded
savanna colonisation is therefore not supported by the complete model set, even though individual

stochastic histories under some models show that sequence (Burnham & Anderson 2002).

The very broad and overlapping 95% distributions of mapped transition ages provide an

additional warning because stochastic mapping samples conditional histories rather than directly
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observing the timing of ecological transitions (Bollback 2006). Mapped event ages should
consequently be interpreted as model-dependent distributions of plausible transition times, not as
fossil-like dates attached to specific ecological changes (Bollback 2006; Boyko & Beaulieu 2021).
This point is particularly relevant for discussions of Neotropical savanna assembly because open
fire-prone vegetation expanded and diversified at different times in different lineages, so broad
regional narratives need not translate into a single timing of biome transition for the Tabebuia

alliance (Simon et al. 2009; Simon & Pennington 2012).

Clade-level ecological structure reveals both conservatism and lability

The high agreement among models at 64 of 68 internal nodes shows that the broad
ecological architecture of the tree is more stable than the exact number and direction of
reconstructed transitions (Bollback 2006; Boyko & Beaulieu 2021). Model-averaged crown
reconstructions identify Amphitecna and Parmentiera as strongly humid-forest associated, while
Ekmanianthe and Zeyheria are strongly biased towards seasonally dry forest, indicating substantial
ecological differentiation among major subclades (Gentry 1992; Gomez-Dominguez et al. 2021;
Costa et al. 2019). Crescentia and Tabebuia also retain predominantly humid-forest crown
probabilities in the sampled tree, although both show more secondary probability on dry forest than

Amphitecna or Parmentiera (Gentry 1992; Costa et al. 2019).

Handroanthus is qualitatively different because its model-averaged crown is nearly divided
between H and D, a pattern consistent with the broad geographic and ecological amplitude of
species assigned to the genus (Gentry 1992; Costa et al. 2019; POWO 2026). These contrasts argue
against a single ecological trajectory for the alliance and instead point to a mosaic of subclades
showing different combinations of biome conservatism and ecological lability (Donoghue &

Edwards 2014).
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Such heterogeneity is expected if biome shifts depend jointly on exposure to alternative
environments and the evolutionary accessibility of physiological or structural traits needed to persist
after the shift (Donoghue & Edwards 2014). Seasonally dry forests may be especially important in
this respect because their patchy distribution, strong seasonality and long-standing woody floras can
promote both persistence within dry-forest lineages and repeated contact with wetter forests
(Pennington et al. 2009; Pennington & Lavin 2016). Savanna transitions may involve a further
ecological threshold because persistence in fire-prone open vegetation can depend on traits related
to bark protection, resprouting, below-ground storage and other responses to recurrent disturbance,
although those traits were not analysed here (Simon et al. 2009; Simon & Pennington 2012).
Integrating the reconstructed H-D-S histories with functional traits linked to drought tolerance, fire
response, leaf phenology and canopy position would therefore provide a direct test of whether
repeated biome transitions correspond to repeated evolution of ecological syndromes (Donoghue &

Edwards 2014; Simon & Pennington 2012).

Model uncertainty, coding uncertainty and the limits of the present reconstruction

The principal methodological lesson of the study is that robust macroevolutionary
conclusions and fragile historical details can coexist within the same dataset, and they become
distinguishable only when model uncertainty is propagated explicitly (Burnham & Anderson 2002;
Donoghue & Edwards 2014). South America at the geographic root, a forest-associated ecological
root, the dominance of forest-state branch length and repeated H<->D exchange remain stable
across plausible models, whereas complete root ranges and the direction and timing of savanna
transitions do not (Burnham & Anderson 2002; Matzke 2014; Boyko & Beaulieu 2021). This
difference would have been obscured if interpretation had been based only on the nominally best
BioGeoBEARS or corHMM model, especially because the leading alternatives differ by less than

one AICc unit in both the geography and biome comparisons (Burnham & Anderson 2002).
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The present conclusions are nevertheless bounded by taxon sampling because the 69
sampled terminals represent approximately 46.9% of the approximately 147 species assigned to the
alliance. Missing taxa could alter both ancestral-state probabilities and apparent transition counts if
ecological or geographic sampling is non-random (Costa et al. 2019; Matzke 2014). The four-area
geography is intentionally coarse and cannot resolve individual Caribbean islands, subregions
within South America or finer north-south structure within Mesoamerica, so ancestral ranges should
be interpreted only at the scale explicitly encoded in the matrix (Santiago-Valentin & Olmstead

2004; Matzke 2014).

The H-D-S biome framework is equally operational because each state contains ecological
heterogeneity and some species occupy scrub, woodland, pine barrens or other environments that do
not map perfectly onto three broad categories (Donoghue & Edwards 2014; Pennington et al. 2009).
Two terminal biome assignments were flagged as low confidence in the audit, but plausible
recoding of those terminals retained a model-averaged forest-root probability of 95.2-98.7% and a
forest branch-time fraction of 93.0-97.1%. Coding uncertainty in these two terminals therefore does
not explain the central forest signal, although it changes the strength of particular transition
estimates. Root-prior choice had a larger effect on the exact root probability, reducing P(H or D) to
approximately 87.0% under equal root-state frequencies, and should therefore be regarded as an

additional source of ancestral-state uncertainty (Data S11).

Finally, the comparative analyses were deliberately conducted on a single MCC chronogram
so that uncertainty arising from geographic models, transition models, biome coding and root priors
could be evaluated on a common temporal scaffold. This design does not propagate the posterior
distribution of node ages, and because topology was fixed during dating it also does not evaluate
topological uncertainty (Bouckaert et al. 2019; Bollback 2006). Repeating BioGeoBEARS and

stochastic mapping over a thinned sample of posterior dated trees would quantify sensitivity to
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temporal uncertainty; evaluating topological uncertainty would require parallel analyses across
alternative supported topologies or a topology-sampling dating analysis (Bouckaert et al. 2019;
Matzke 2014). Within those limits, the cross-model convergence on a South American forest legacy
is sufficiently strong that it can serve as the central biological interpretation, while model-specific
routes and timings should remain explicitly conditional statements (Burnham & Anderson 2002;

Donoghue & Edwards 2014).

Conclusions

The combined analyses support a late-Eocene origin of the sampled Tabebuia alliance in an
ancestral range that almost certainly included South America, while the complete size of that range
remains uncertain across geographic models (Matzke 2014; Grose & Olmstead 2007a). Biome
reconstructions favour a forest-associated ancestor and show that humid and seasonally dry forests
together dominate the alliance's reconstructed evolutionary history, whereas savanna represents a
relatively small derived component (Pennington et al. 2009; Donoghue & Edwards 2014). Plausible
low-confidence recoding leaves this conclusion intact; an equal root-state prior lowers the
numerical support for forest ancestry but does not overturn forest as the predominant broad root
condition. Repeated exchange between humid and seasonally dry forest is robust to ER, SYM and
ARD, but the exact number, direction and timing of savanna transitions are strongly model-
dependent and should not be presented as a single uniquely resolved pathway (Burnham &
Anderson 2002; Boyko & Beaulieu 2021). The study therefore illustrates how model averaging and
explicit sensitivity analysis can turn an apparently simple ancestral-state reconstruction into a more
defensible distinction between stable macroevolutionary signals and uncertain historical details

(Burnham & Anderson 2002; Donoghue & Edwards 2014).
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Tables

Table 1. BioGeoBEARS model comparison for four-area historical biogeography.

Model InL K |AICc |Delta AlCc | AICc weight | d e

DEC -94.476 |2 |193.133|0.000 0.590 0.00967 | ~0
DIVALIKE |-94.838 |2 |193.858|0.725 0.410 0.01070 | ~0
BAYAREA-

ke -109.254 | 2 | 222.689 | 29.556 <0.001 0.01000 | 0.01000

d = dispersal parameter; e = local-extinction parameter. VValues are rounded from the archived
model-comparison output.

Table 2. corHMM model comparison for biome evolution.

Model | K | InL AICc | Delta AlCc | AICc weight
SYM |3 |-43.073 | 92.515 | 0.000 0.377
ER 1 |-45.350 | 92.760 | 0.245 0.334
ARD |6 |-39.846|93.046 | 0.531 0.289

All three models have Delta AICc < 1, indicating substantial transition-model uncertainty.

Table 3. Sensitivity of reconstructed biome history across ER, SYM and ARD.

Metric

ER

SYM

ARD

AlCc-weighted

Root P(H)

0.586

0.521

0.532

0.546
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Metric ER |SYM | ARD | AlCc-weighted

Root P(D) 0.357|0.477|0.433 | 0.424

Root P(S) 0.057 | 0.002 | 0.035| 0.030

Branch-length fraction H | 0.660 | 0.652 | 0.633 | 0.649

Branch-length fraction D | 0.273 | 0.323 | 0.310 | 0.303

Branch-length fraction S | 0.067 | 0.025 | 0.057 | 0.048

Mean H->D transitions |10.5 [135 |8.9 11.2

Mean D->H transitions | 3.6 7.3 7.1 6.0

Mean H->S transitions 5.4 3.9 9.5 6.0

Mean D->S transitions 1.7 0.0 0.0 0.6

Mean S->H transitions 1.7 0.2 6.2 2.4

Mean S->D transitions 21 0.0 4.8 2.1

Mean total transitions 249 249 |36.4 |28.3

714 Root probabilities and transition counts derive from 1,000 stochastic maps per model. The final
715  column is AlCc-weighted across ER, SYM and ARD; transition counts are rounded to one decimal
716  place to avoid implying Monte Carlo precision beyond that supported by the map sample.

717  Table 4. AlCc-weighted biome-state probabilities for major genus crowns.

Genus Sampled tips | P(H) | P(D) | P(S)
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718
719

720

721

722

723

724

725

726

727

728

729

730

Genus Sampled tips | P(H) | P(D) | P(S)
Amphitecna |15 0.998 | 0.001 | 0.001
Crescentia 5 0.883 | 0.094 | 0.024
Parmentiera |7 0.987 | 0.008 | 0.005
Handroanthus | 14 0.554 | 0.422 | 0.023
Ekmanianthe |2 0.046 | 0.940 | 0.014
Tabebuia 20 0.726 | 0.253 | 0.021
Zeyheria 2 0.069 | 0.882 | 0.048

H = humid forest; D = seasonally dry tropical forest; S = savanna. Only genera represented by at
least two sampled terminals and identified as monophyletic in the fixed tree are shown.

Figure legends

Figure 1. Time-calibrated phylogeny, observed geographic and biome occupancy, and ancestral-
range reconstruction in the Tabebuia alliance. A, Time-calibrated phylogeny showing observed
geographic ranges and biome states for the 69 sampled terminals. Geographic columns are South
America (SA), Central America plus Mexico (CAM), Caribbean (CAR) and North America north of
Mexico (NA); biome columns are humid forest (H), seasonally dry tropical forest (D) and savanna
(S). Filled cells indicate observed occupancy and multiple filled cells indicate multiarea or
polymorphic observations. B, Ancestral geographic-range reconstruction under DEC. Tip squares
show observed ranges and pie charts at internal nodes show marginal probabilities of ancestral
ranges. DEC had the smallest AICc (193.13; weight 0.590), but DIVALIKE was nearly equivalent
(AICc 193.86; weight 0.410); panel B is therefore a visualization of the lowest-AlCc model rather
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than evidence that DEC is uniquely supported. Time is shown in millions of years before present

(Ma).

Figure 2. Historical-biogeography model uncertainty. A, AlCc weights for DEC, DIVALIKE and
BAYAREALIKE. B, root-range probabilities for the principal reconstructed ranges under each
model; low-probability states are pooled as Other. C, probability that South America was present in
the root range under each model. DEC and DIVALIKE together account for essentially all model

weight, while all models converge on South America as a component of the ancestral range.

Figure 3. Sensitivity of biome reconstruction to transition model. A, AICc weights for ER, SYM
and ARD. B, root-state probabilities under each model and after AICc model averaging. C, fraction
of total tree length reconstructed in humid forest (H), seasonally dry tropical forest (D) and savanna

(S) across 1,000 stochastic maps per model and after AICc model averaging.

Figure 4. Sensitivity of directional biome transitions to model choice. A, mean transition counts
across 1,000 stochastic maps under ER, SYM and ARD. B, median mapped event ages with central
95% event-age intervals for each directional transition. Absence of a symbol indicates that the

transition was not recovered in that model's map sample.

Figure 5. AlCc-weighted biome-state probabilities at the crowns of major sampled genera. Bars
show model-averaged probabilities for humid forest (H), seasonally dry tropical forest (D) and

savanna (S); n indicates the number of sampled terminals contributing to each crown reconstruction.

Supplementary material
Supplementary Data S1 - 69-terminal dated Newick tree used in BioGeoBEARS and corHMM.

Supplementary Data S2 - Geographic coding matrix and evidence audit for SA, CAM, CAR and

NA.

Supplementary Data S3 - Biome coding matrix and evidence audit for H, D and S.
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Supplementary Data S4 - BioGeoBEARS model-comparison and ancestral-range outputs.
Supplementary Data S5 - corHMM ER, SYM and ARD fits and ancestral-state outputs.

Supplementary Data S6 - 1,000-map sensitivity summaries under ER, SYM and ARD, including

transition counts, state-time fractions, node probabilities and transition-age distributions.

Supplementary Data S7 - Reproducible R and PowerShell analysis scripts used for validation and

execution.
Supplementary Data S8 - Final BEAST MCMC logs from the two 100-million-generation chains.
Supplementary Data S9 - Full 80-terminal MCC chronogram from the dating analysis.

Supplementary Data S10 - Exact BEAST calibration provenance and serialized posterior-model

snapshot from the final MCMC log.

Supplementary Data S11 - Low-confidence biome-coding and root-prior sensitivity analysis,
including re-fitted ER/SYM/ARD models, exact expected state times and transitions, validation and

executable code.

Supplementary Data S12 - Methods and reproducibility manifest with exact analysis settings,
software versions, archived commands, input/output map, numerical reporting policy and the

documented scope of BEAST versus downstream reproducibility.
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Model-averaged biome reconstructions at major genus crowns

Amphitecna 100% n=15

Crescentia 88% n=5

Parmentiera 99% n=7
Handroanthus 55% n=14

Ekmanianthe n=2
Tabebuia 73% n=20

Zeyheria n=2
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Time-calibrated phylogeny and observed geographic/biome states

Crown = 36.1 Ma
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