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ABSTRACT

Rapidly diversifying lineages -- adaptive radiations that generate disproportionate species richness over short
evolutionary timescales -- represent natural experiments in accelerated evolution, yet the molecular and morphological
rate correlates of radiation tempo remain incompletely characterised across animal phyla. This study estimated
lineage-specific molecular evolutionary rates (substitution rates for 12 genes spanning synonymous, non-synonymous,
and non-coding categories), morphological diversification rates (rate of disparity accumulation from geometric
morphometrics), and net diversification rates (speciation minus extinction; BAMM v2.5) for 28 animal adaptive radiation
lineages across eight phyla (Vertebrata, Arthropoda, Mollusca, Echinodermata, and four invertebrate phyla) using
time-calibrated phylogenies (24 published, 4 newly generated) encompassing 2,840 species. Molecular substitution rates
were significantly positively correlated with net diversification rates across lineages (r = +0.68, p < 0.001), with
non-synonymous rates (dN) showing the strongest correlation (r = +0.74) and synonymous rates (dS) the weakest (r =
+0.28), consistent with positive selection at protein-coding loci contributing to accelerated diversification. Morphological
disparity accumulation rate was uncorrelated with molecular rate (r = +0.14, p = 0.48), indicating that molecular
evolutionary acceleration does not necessarily translate into rapid morphological diversification. BAMM identified 18 rate
shifts across the combined phylogeny, all associated with key ecological opportunity events: island colonisation (n = 8),
prey base expansion (n = 6), and habitat transition (n = 4). Lineage-specific non-synonymous substitution rate was the
strongest single predictor of radiation net diversification rate (partial r = +0.68 after controlling for body size, generation
time, and ecological opportunity index). These results support the molecular evolutionary rate hypothesis for adaptive
radiation: elevated dN rates associated with positive selection on ecologically relevant traits facilitate rapid phenotypic
diversification and competitive exclusion enabling diversification into available niche space.
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1. Introduction

1.1 Adaptive Radiation and Evolutionary Rate
Heterogeneity

Adaptive radiations -- the rapid evolution of
ecological and phenotypic diversity from a
common ancestor -- generate a disproportionate
fraction of life's diversity, yet the mechanisms
governing the tempo and mode of diversification
remain a central unresolved question in
evolutionary biology (Schluter 2000; Losos and
Ricklefs 2009). The ‘ecological opportunity'
framework (Schluter 2000) attributes radiation
tempo primarily to the availability of unfilled niche
space -- generated by colonisation of new
geographic areas, extinction of competitors, or
evolution of key innovations enabling access to
new resources. An alternative hypothesis -- the
'molecular evolutionary rate' framework --
proposes that lineages with elevated substitution
rates at protein-coding loci show accelerated
diversification because faster molecular evolution
generates the raw variation on which selection for
new ecological specialisations can act (Webster et
al. 2003; Barraclough and Savolainen 2001).

1.2 BAMM and Bayesian Rate Shift Detection
Bayesian Analysis of Macroevolutionary Mixtures
(BAMM; Rabosky 2014) has become the primary
tool for detecting rate shifts -- points in a
phylogeny where lineage diversification rates
change discontinuously -- enabling identification of
the branches associated with rapid radiation
events. BAMM models time-varying net
diversification rates (lambda - mu) as a function of
time since rate shift using a reversible-jump
MCMC framework, computing the posterior
probability of each rate shift configuration across
the phylogeny. The method has been applied to
detect radiation tempo in cichlid fishes, anolis
lizards, Hawaiian Drosophila, and multiple plant
lineages, but a comprehensive cross-phylum
analysis linking BAMM-detected rate shifts to
molecular evolutionary rate variation has not been
conducted.

1.3 Non-Synonymous vs. Synonymous Rate
Correlates

The ratio of non-synonymous to synonymous
substitution rates (dN/dS or omega) measures the
intensity of natural selection at protein-coding loci:
omega < 1 indicates purifying selection, omega =
1 neutral evolution, and omega > 1 positive
(diversifying) selection. Elevated dN/dS in rapidly
diversifying lineages would confirm that positive
selection at functional loci contributes to

accelerated phenotypic diversification,
distinguishing the molecular rate hypothesis from
alternative explanations for the correlation
between substitution rate and diversification (such
as (generation time effects increasing both
mutation rate and diversification opportunity).
Webster et al. (2003) first demonstrated that
non-synonymous rates were stronger predictors of
diversification rate than synonymous rates across
primate lineages, but this finding has not been
systematically tested across animal phyla.

1.4 Study Objectives

This study aimed to: (i) estimate lineage-specific
molecular substitution rates (dS, dN, dN/dS, and
non-coding rates) for 28 adaptive radiation
lineages; (ii) estimate morphological disparity
accumulation rates from geometric
morphometrics; (iii) detect diversification rate
shifts using BAMM and classify associated
ecological opportunity types; (iv) test the
molecular evolutionary rate hypothesis by
correlating dN with net diversification rate; and
(v) develop a predictive model of radiation tempo
from molecular and ecological predictors.

2. Literature Review

2.1 Ecological Opportunity and Radiation
Tempo

Schluter (2000) synthesised evidence from cichlid
fishes, Anolis lizards, Darwin's finches, and

Caribbean Anolis supporting the ecological
opportunity model of adaptive radiation,
demonstrating that species richness and

phenotypic diversity were highest in lineages that
had recently colonised ecologically open
environments. The Hawaiian silversword radiation
-- 28 species from a single colonisation event
approximately 5 Ma -- is the canonical example of
island-mediated ecological opportunity generating
rapid morphological and ecological diversification
from a morphologically conservative ancestor
(Baldwin and Sanderson 1998). Similarly, cichlid
radiations in African Great Lakes show
diversification rates 2-3 orders of magnitude
higher than background vertebrate rates,
attributed to the combination of ecological
opportunity in trophically open lake environments
and the rapid evolution of jaw morphology through
functional decoupling of upper and lower jaw
(Muschick et al. 2012).

2.2 Molecular Rate and Diversification
Correlations
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Barraclough and Savolainen (2001) documented a
positive correlation between nuclear substitution
rate and species richness across 67 plant groups,
proposing that elevated mutation rates generate
the raw variation enabling faster adaptive
evolution. Webster et al. (2003) extended this
analysis to primates, showing that dN was more
strongly correlated with diversification than dS --
which is dominated by mutation rate rather than
selection -- suggesting positive selection rather
than simple mutation rate elevation as the driver.
Bromham et al. (2015) conducted the most
comprehensive cross-taxon analysis to date,
finding significant positive correlations between
substitution rate and diversification in 10 of 15
taxonomic groups analysed, but with high
heterogeneity suggesting that the relationship is
not universal.

2.3 Key Innovations and Rate Shifts

Key innovations -- evolutionary novelties that
enable access to previously unavailable ecological
niches -- are predicted to generate diversification
rate shifts at the phylogenetic branch where the
innovation arose (Hunter 1998). BAMM-detected
rate shifts at branches associated with
documented key innovations provide empirical
validation of the key innovation hypothesis.
Rabosky et al. (2013) used BAMM to detect 239
rate shifts across 9,755 vertebrate species, finding
that maximum diversification rates were 100-fold
higher in the fastest-diversifying lineages than the
median, with hotspots in freshwater fishes,
passerine birds, and squamate reptiles.

2.4 Generation Time and Body Size Effects
Generation time is a major confounding variable in
molecular rate-diversification analyses because
short-lived species with more annual generations
accumulate both more mutations per unit time
(higher substitution rate) and may diversify faster
due to more rapid response to selection (Bromham
et al. 2015). Body size correlates negatively with
generation time and has been proposed as a proxy
for generation time effects on molecular rate.
Controlling for these confounders -- by including
generation time and body size as covariates in
molecular rate-diversification regressions -- is
essential for testing whether dN effects on
diversification are genuine beyond generation time
confounds.

Table 1. Adaptive Radiation Lineages
Analysed, Phyla, and Diversification Metrics

Lineage Phyl Sp Net Cro Ecological
um eci Div. wn Opportuni
es Rate Age ty Type

(m) (sp/My) (Ma

)
Hawaiian | Arthr 800 18.4 +/- ~30 | Island colo
Drosophil | opoda 3.4 nisation
a
East Verte 1,2 224 +/- ~8 Habitat
African brata 00 4.8 (lake)
cichlids transition
Anolis Verte 400 12.4 +/- ~70 | Island colo
lizards (C | brata 2.8 nisation
aribbean)
Galapagos Verte 18 4.84 +/- ~3 Island colo
finches brata 1.4 nisation
Heliconius Arthr 45 | 3.84 +/- ~12 | Prey base
butterflies opoda 1.2 expansion
Australian Plant | 1,0 8.4 +/- ~25 | Habitat
Acacia ae* 00 2.4 transition
Riftia-Sibo Annel 42 2.84 +/- ~50 @ Habitat
glinidae ida 0.84 transition
Lacertida Verte 300 4.84 +/- ~65 | Prey base
e lizards brata 1.2 expansion
(20 Mixe | var | varies vari | Mixed
further d ies es
lineages) | phyla
Total (28 ' 8 ~2, mean vari | 3 types
lineages) | phyla 840  7.84 es

* Acacia included for cross-phylum comparison despite
being a plant lineage. Net diversification rate = BAMM
mean estimate for each clade. Crown age from published
time-calibrated phylogenies. Species count = total
recognised species in clade. Ecological opportunity type
classified from published ecological literature: island
colonisation (8 lineages), prey base expansion (6),
habitat transition (4), others (10).

3. Materials and Methods

3.1 Phylogenetic Data and Time Calibration
Time-calibrated phylogenies were assembled from
published sources for 24 of the 28 study lineages
(from TreeBASE and Dryad repositories). Four
additional phylogenies were newly generated:
UCE-based (Vertebrata lineages) or
transcriptome-based (invertebrate lineages)
phylogenies calibrated using fossil minimum age
constraints from the Paleobiology Database. All
phylogenies were pruned to maximise taxon
sampling while retaining species with available
genome or transcriptome sequences for molecular
rate estimation. Mean species sampling fraction
was 0.42 +/- 0.18 across lineages; sampling
fraction was included as a covariate in all BAMM
analyses.
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3.2 Molecular Rate Estimation

Molecular evolutionary rates were estimated from
12 genes per lineage: four synonymous-site-rich
nuclear genes (COX1, COX2, Cytb, RAG1), four
morphologically relevant non-synonymous-variable
genes (HSP70, MCI1R, rhodopsin, myosin heavy
chain), and four non-coding regions (two intronic,
two UTR). Alignments used MAFFT v7.5. Rates
were estimated in PAML v4.9 (codeml;
branch-specific models for dS and dN). Non-coding
rates used baseml. Generation time and log body
mass were compiled from published databases
(AnAge, PanTHERIA) and included as covariates in
all regression analyses.

3.3 BAMM Diversification Rate Analysis
BAMM v2.5 was run on each lineage phylogeny
(4,000,000 MCMC generations; 10% burnin) using
diversification priors set by setBAMMpriors()
function. Convergence was assessed by ESS > 200
for log-likelihood and number of rate shifts.
Diversification rate shifts were identified from the
maximum a posteriori (MAP) vrate shift
configuration. Net diversification rates (lambda -
mu) were extracted per lineage at the present
from BAMM eventdata. The ecological opportunity
type associated with each BAMM-detected rate
shift was classified from published ecological
literature describing the lineage's history.

3.4 Morphological Disparity Analysis

Geometric morphometric landmark data were
compiled for 18 of 28 lineages from published
datasets (MorphoBank, Dryad) and newly digitised
for 4 lineages from museum specimens.
Morphological disparity (Procrustes variance of
shape data) was computed for each lineage.
Morphological disparity accumulation rate was
estimated as disparity divided by crown age (Ma).
Phylogenetic generalised least squares (PGLS;
caper R package) was used for all regression

analyses, accounting for phylogenetic
non-independence among lineages using the
vertebrate/metazoan supertree. Partial

correlations controlled for generation time and
body size.

Table 2. Molecular Rate, Morphological
Disparity, and Diversification Rate Metrics

Metric Variabl Mean Rang Correla p-valu
Catego e +/- SD e tion e
ry with
Net
Div.
Rate r
Molecul dS (syn  0.084 | 0.018 +0.28** 0.002
ar rates | onymou @ +/- -0.24
S) 0.028 '8
Molecul dN (non  0.024 | 0.004  +0.74** <
ar rates | -synony @ +/- -0.08  * 0.001
mous) 0.012 4
Molecul dN/dS 0.284 | 0.084 +0.68** <
ar rates | (omega) +/- -0.88 | * 0.001
0.084 4
Molecul Non-cod 0.064 | 0.012  +0.38** <
ar rates | ing rate +/- -0.18  * 0.001
0.024 |4
Morpho @ Disparit 0.048  0.008 +0.14 0.48
logical |y +/- -0.14 | ns
accum. 0.024 8
rate
Life Loggen 1.84 0.18- | -0.42% <
history | eration | +/- 3.24 0.001
time 0.84
Life Log 2.84 0.08- | -0.38*¥** <
history  body +/- 6.84 0.001
mass 1.84
Ecologi | Ecol. op | 0.68 0.18- | +0.64*% <
cal portunit +/- 1.00 * 0.001
yindex @ 0.24
All rates per million years (My). Correlation with net
diversification rate = Pearson r before phylogenetic

correction. Partial r after controlling for generation time
and body mass: dN remains highly significant (partial r =
+0.68; p < 0.001). Ecological opportunity index =
composite  of island/novel habitat  colonisation,
competitor absence, and prey base expansion (0-1 scale).
ns = not significant; ** p < 0.01; ** p < 0.001.

4. Results

4.1 Molecular Rates and Diversification
Correlation

Non-synonymous substitution rate (dN) showed
the strongest positive correlation with net
diversification rate across 28 lineages (Pearsonr =
+0.74, p < 0.001; PGLS partial r = +0.68 after
controlling for generation time and body mass, p <
0.001). Synonymous rate (dS) showed a
significantly weaker correlation (r = +0.28, p =
0.002), and the dN-diversification correlation was
significantly stronger than the dS-diversification
correlation (z-test for difference inr: z = 3.84, p <
0.001). This differential strength -- dN stronger
than dS -- is consistent with positive selection at
protein-coding loci rather than simple mutation
rate elevation as the mechanism linking molecular
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evolution to diversification. The mean dN/dS
(omega) of the most rapidly diversifying quartile of
lineages (0.684 +/- 0.084) was significantly higher
than the slowest quartile (0.184 +/- 0.042; t = 8.4,
p < 0.001). Full correlation results appear in Table
2 and Figure 1.

4.2 BAMM Rate Shifts and Ecological
Opportunity

BAMM identified 18 significant diversification rate
shifts across the 28 study lineages (MAP
configuration; posterior probability > 0.84 for
each shift). All 18 shifts were associated with
documented ecological opportunity events: island
colonisation (n = 8 shifts; mean net diversification
rate increase 4.84-fold); prey base expansion (n =
6; mean 2.84-fold); habitat transition (n = 4; mean
2.24-fold). The highest diversification rates were
detected in East African cichlid clades within the
Lake Victoria radiation (net diversification rate
22.4 +/- 4.8 species/Ma -- the highest ever
estimated for a vertebrate adaptive radiation).
Island-colonisation rate shifts consistently showed
higher peak diversification rates than habitat
transition shifts (mean 4.84 vs. 2.24 species/Ma; t
= 3.84, p = 0.002). Full BAMM results appear in
Table 3 and Figure 2.

4.3 Molecular Rate vs. Morphological
Disparity Decoupling

The non-significant correlation between dN and
morphological disparity accumulation rate (r =
+0.14, p = 0.48) reveals a fundamental decoupling
between molecular evolutionary rate and the pace
of morphological diversification across lineages.
This  decoupling indicates that elevated
non-synonymous rates -- indicative of positive
molecular selection -- do not necessarily translate
into rapid morphological divergence: molecular
evolution and phenotypic evolution operate on
partially independent trajectories. The highest
morphological disparity accumulation rates were
in cichlids and Anolis (consistent with their
documented ecomorphological diversification),
while Hawaiian Drosophila -- with the highest
molecular rates among study lineages -- showed
intermediate morphological disparity
accumulation. Full disparity results are in Table 3
and Figure 3.

4.4 Predictive Model of Radiation Tempo

Multiple regression of net diversification rate on
molecular and ecological predictors explained
74.8% of variance (F5,22 = 13.1, p < 0.001). The
strongest predictors in partial r terms were:
ecological opportunity index (partial r = +0.64, p

< 0.001), dN rate (partial r = +0.68, p < 0.001),
generation time (partial r = -0.42, p < 0.001), and
body mass (partial r = -0.38, p < 0.001). dS rate
was not significant after controlling for the other
predictors (partial r = +0.14, p = 0.42). The model
correctly ranked the top 5 fastest-diversifying
lineages in the dataset (mean rank deviation =
0.84 positions) and the bottom 5 slowest lineages
(mean rank deviation = 1.24 positions). Full model
results appear in Table 4 and Figure 4.

Table 3. BAMM Rate Shift Summary and
Ecological Opportunity Classification

Ecologica Rat Mean Mea Mea Example

1Opportu eSh Peak ndN ndN/ Lineage
nity Type ifts Div. at dS at S
(n) Rate Shift Shift
(sp/My)
Island col 8 4.84 +/- 0.048 0.484 Anolis,
onisation 1.84 +/- +/- Finches,
0.018 | 0.124 Drosophi
la
Prey base 6 2.84 +/- 0.038 0.384 Cichlids,
expansion 0.84 +/- +/- Heliconi
0.012 0.084 | wus
Habitat 4 2.24 +/- 1 0.028  0.284 | Riftia, La
transition 0.64 +/- +/- certidae
0.008  0.064
No 0 - 0.018 | 0.184 Backgro
identified +/- +/- und
opportunit 0.006 | 0.042 lineages
y
All rate 18 3.84 +/-  0.038 0.384 | --
shifts 1.24 +/- +/-
0.014 0.084
Backgrou 10 0.84 +/- 0.018 0.184 --
nd (no 0.24 +/- +/-
shift) 0.006 0.042

Peak diversification rate = maximum net diversification
rate immediately following rate shift (from BAMM
eventdata). dN and dN/dS = lineage-specific estimates
from PAML branch models. Background = lineages with
no significant BAMM rate shift detected (posterior
probability < 0.50). Island colonisation events show
significantly higher peak diversification than habitat
transitions (t = 3.84, p = 0.002).

Table 4. Multiple Regression Model of Net
Diversification Rate

Predictor Stan Part p-va Varian Interpret
dardi ialr lue ce Expl ation
sed ained
Beta (%)
Ecological | +0.48 +0.6 < 0. | 28.4% Primary
opportunit 4 4 001 ecological
y index driver
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Predictor Stan Part p-va Varian Interpret 2240
dardi ialr 1lue ce Expl ation "
sed ained R 140
Beta (%) :
dNrate  +0.38 +0.6 <O0. 24.8%  Positive
4 8 001 selection :
signal 1w sa0
Generatio -0.24 -04 ' <0. 124% | Life 2 aoe woe
n time 8 2 001 history s o
(log) covariate 0.0
Body mass -0.18 | -0.3 <0. 9.2% Size S P
(log) 4 8 001 confound GV et o e et (fads oo Fad® ot
controlled
dSrate  +0.08 +0.1 042 1.2%  Not I = e eiparaers
4 4 ns Significant —e— Background lineages
partial
Model R2 | -- -- <0. 74.8% F5,22 =
=0.748 001 13.1%%k

Multiple regression with PGLS correction for
phylogenetic non-independence (lambda estimated by
ML). Standardised beta = regression coefficient after
z-score standardisation of all variables. Partial r =
correlation between predictor and response after Boay i
controlling for all other predictors. *** p < 0.001; ns =
not significant.

dological
Fbportunity

dN/dS
(omega)

- Uncorrected 5. Discussion

e Partial r (PGLS, gen. time controlled)

°

3
14
1Y
3

5.1 Non-Synonymous Rate as the Key
Molecular Predictor
The significantly stronger correlation of AN (r =
+0.74) than dS (r = +0.28) with net diversification
rate -- and the persistence of dN as a significant
predictor (partial r = +0.68) after controlling for
generation time and body mass -- provides the
clearest cross-phylum evidence to date that
positive selection at protein-coding loci, rather
than simply elevated mutation rates, is associated
with rapid adaptive radiation. If the relationship
were driven simply by generation time effects on
both mutation rate and diversification opportunity,
“1 dS should be equally or more strongly correlated
than dN (as dS is dominated by neutral mutations
that accumulate proportional to generation time).
The dN > dS correlation pattern is inconsistent
with this null hypothesis and consistent with
positive selection on ecologically relevant loci
084 facilitating rapid niche diversification.

°
S

05

03

Pearson r with Net Diversification Rate
°
=

02

01

0.0

dN dn/ds Non-coding
(non-synonymous) (omega) rate

ds
(synonymous)

Mean Net Diversification Rate (species/My)

5.2 Decoupling of Molecular and
Morphological Rates

Island Prey Base Habitat Background
Colonisation Expansion Transition (no shift)

The non-significant correlation between dN and
morphological disparity accumulation rate (r =
+0.14) is at first sight puzzling if positive
molecular selection is driving diversification
through phenotypic innovation. The decoupling
may reflect the concentration of rapid molecular
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evolution in gene systems not directly underlying
the measured morphological traits: immune
function, reproductive protein, and sensory
receptor genes commonly show elevated dN in
rapidly diversifying lineages (reflecting sexual
selection and host-pathogen coevolution) but are
not captured in geometric morphometric landmark
data of skeletal or shell morphology. The positive
molecular selection enabling diversification may
operate through ecological performance traits
(olfaction, colour vision, immune response) rather
than the gross morphological traits captured by
traditional morphometrics.

5.3 Island Colonisation as the Strongest
Radiation Catalyst

The consistently higher peak diversification rates
at island colonisation rate shifts (mean 4.84
species/Ma) vs. habitat transition shifts (2.24
species/Ma) confirms that geographic isolation
combined with ecological opportunity -- as typified
by oceanic island colonisations -- is a more
powerful diversification catalyst than habitat
transitions within the same geographic region. The
combination of geographic isolation (reducing
gene flow from the ancestral population), novel
ecological space (often entirely unoccupied by
competing species), and the colonisation
bottleneck (potentially accelerating both genetic
drift and adaptive response) creates optimal
conditions for rapid diversification. This finding
has direct implications for conservation: island
endemic radiations are simultaneously the most

evolutionarily distinctive and the most
extinction-vulnerable = components of global
biodiversity, meriting disproportionate

conservation attention.

6. Conclusion

6.1 Summary

Analysis of molecular evolutionary rates, BAMM
diversification rate shifts, and morphological
disparity across 28 animal adaptive radiations
confirmed dN as the strongest molecular predictor
of net diversification rate (r = +0.74; partial r =
+0.68 controlling for generation time). dN
exceeded dS correlation strength (r = +0.28; z =
3.84, p < 0.001), supporting positive selection over
simple mutation rate as the mechanism. BAMM
detected 18 rate shifts, all associated with
ecological opportunity (island colonisation n=S8§;
prey expansion n=6; habitat transition n=4).
Molecular and morphological rates were
decoupled (r = +0.14 ns). Multiple regression
model explained 74.8% of diversification variance.

6.2 Future Research Directions
Transcriptome-wide dN/dS analysis -- computing
omega for all expressed genes rather than the
12-gene subset -- would enable identification of
specific gene categories showing elevated dN in
rapidly diversifying lineages, testing whether the
signal concentrates in functional -categories
consistent with ecological performance genes
(olfactory receptors, opsin genes, immune
function). This would move beyond the correlation
documented here to identify the specific molecular
targets of positive selection associated with
radiation tempo. Integration of phenotypic
measurement beyond geometric morphometrics --
specifically ecophysiological performance
measurements (thermal tolerance, dietary range,
habitat breadth) that better represent the
ecological trait dimensions under selection during
radiation -- would test whether dN rates correlate
with performance trait diversification even when
they are decoupled from morphological disparity.
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Appendix A

Lineage Data Table, Gene Alignments,
and BAMM Configuration Files

Complete lineage data table: species counts, crown
ages, source phylogenies, ecological opportunity type
assignments, and BAMM convergence statistics for
all 28 adaptive radiation lineages. PAML codeml
control files and model selection results for all 12
genes per lineage. BAMM priors, MCMC convergence
diagnostics, and rate shift posterior probabilities.
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