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The distributions of species radiations reflect environmental changes
driven by both Earth history (geological processes) and the evolution of
biological traits (critical to survival and adaptation), which profoundly
drive biodiversity yet are rarely studied together. Modern toads
(Bufonidae, Amphibia), an iconic radiation with global distribution and
high phenotypic diversity, are an ideal group for exploring these dynamics.
Using phylogenomic data from 124 species across six continents, we
reconstruct their evolutionary history. Biogeographic analyses suggest
modern toads originated in South America approximately 61 million
years ago (Ma), later dispersing to Africa and Asia, thereby challenging
hypotheses of dispersal via North America. Species diversification rates
increased after leaving South America, linked to Cenozoic geological events
and key innovations like toxic parotoid glands for predator defence.
The emergence of parotoid glands coincided with the South American
dispersal, promoting diversification and enabling toads to dominate both
Old and New Worlds. In contrast, the evolution of other traits, despite
being crucial to adaptation, did not promote species diversification (e.g.
large body size) or were ambiguously associated with expansion into
the Old World (e.g. developmental modes). These findings highlight the
adaptability of modern toads and reveal the interplay between Earth’s
history and phenotypic innovation in shaping biodiversity.

1. Introduction
One of the central goals of biogeography is to uncover the patterns and
processes shaping the distribution of biodiversity across the planet [1,2].
These patterns reveal fascinating contrasts, such as the distinct evolution-
ary legacies of species that once thrived on the ancient supercontinents of
Gondwana and Laurasia [3,4], the dramatic divide in species composition
between Southeast Asia and Australia, marked by the famous Wallace Line
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[5,6], and the striking diversity gradient stretching from the temperate North American to the species-rich ecosystems of South
America, driven by the Great America Biotic Interchange facilitated by the formation of the Isthmus of Panama [7–9]. Each of
these examples reflects the intricate interplay of Earth’s geological history, climatic changes and evolutionary processes, which
together have shaped the complex patterns of biodiversity observed across the globe today [10–12].

Geological processes, particularly the tectonic breakup and reassembly of continents, have played a pivotal role in driving
vicariance, dispersal and regional diversification [13,14]. Early-diverging lineages, once broadly distributed across continents,
were often isolated by plate tectonics. In contrast, more recent lineages expanded their range via land bridges or island chains
formed through tectonic activity or climatic shifts, promoting diversification in newly accessible regions. These processes have
been linked to the continental distribution patterns observed in various groups, including plants [13,15], birds [16], amphibians
[17,18] and fishes [19], particularly in taxa with limited dispersal capabilities.

Trait evolution shapes species distribution patterns through its interplay with species diversification or dispersal [20].
Group-specific key innovations (e.g. wings of birds, a classical example) can drive both rapid adaptation and colonization to
diverse environments, thereby influencing species’ geographic distribution [21,22].

While both geological history and trait evolution are widely recognized as major drivers of species distributions, they are
often studied in isolation. This leaves a key question unanswered: how do Earth’s geological history and trait evolution jointly
shape global biodiversity patterns?

Modern toads (Bufonidae, Amphibia) are well known for their global success in colonizing diverse environments, making
them an ideal model to bridge the gap in understanding biodiversity patterns due to their remarkable diversity and trait
variation on a global scale [23–25]. Toads are notorious for their strong invasive capacity, originally absent only in Antarctica,
Australia (except for the invasive species Rhinella marina [26]), Madagascar (recently invaded by Duttaphrynus melanostictus
[27]) and the Mascarene Islands (Mauritius, La Réunion), where Sclerophrys gutturalis is now invasive [28]. With 52 genera
and 648 extant species [29], modern toads are one of the most species-rich amphibian groups, occupying diverse ecological
niches including terrestrial, arboreal and burrowing habitats [30]. They also serve as key biological models in fields such as
invasive biology (e.g. the cane toad, Rhinella marina [26]), evolutionary biology (e.g. the Chinese toad, Bufo gargarizans [31]) and
developmental biology (e.g. the common toad, Bufo bufo [32]).

Despite their importance in many biological investigations, the evolutionary history of modern toads remains elusive. Recent
evidence supports a South American origin—first proposed by Blair [33]—as both basal lineages and outgroups are found in
this region [24,34,35]. These findings refute earlier hypotheses proposing an African [36] or a broader Gondwanan origin [37].
However, considerable uncertainty persists regarding the timing of their origin and the pathways of their subsequent interconti-
nental expansion—particularly concerning the routes from New World to the Old World [24,30,34,35]. Several hypotheses have
been proposed. The ‘Trans-Pacific colonization route’, first suggested by Blair [33] and later supported by Pramuk et al. [34],
posits a northward expansion from South America into Central and North America, followed by dispersal into Asia via the
Bering land bridge. However, this scenario suffers from limited sampling of Asian taxa, resulting in incomplete phylogenies.
Pramuk et al. [34] also proposed the possibility of a ‘Trans-Atlantic colonization route’, involving dispersal via the North
Atlantic land bridge, but ultimately favoured the Bering pathway based on the available phylogeny and without formal testing
methods. Notably, they only considered the Trans-Atlantic route as a possible path for secondary re-invasion from the Old
World back into the New World, rather than an initial colonization route.

These land bridge-based scenarios have been widely accepted, either implicitly or explicitly, in earlier studies and are
commonly invoked across many other taxa [13,38]. For amphibians like toads—characterized by limited saltwater tolerance
and low dispersal ability—such land connections have often been viewed as the most plausible explanation for intercontinental
dispersal. A more recent and less conventional hypothesis, proposed by Pyron [35], suggests a ‘Trans-Atlantic oceanic coloniza-
tion route’ from South America to Africa, without the involvement of land bridges. However, the limited genetic sampling
in this large-scale amphibian phylogeny resulted in poorly resolved relationships among American and African lineages,
hindering a robust evaluation of this scenario. Van Bocxlaer et al. [24] did not clearly favour any particular dispersal route, but
they were the first to link the global radiation of toads with the emergence of key morphological traits—such as increased body
size and the development of parotoid glands—which may have facilitated ecological and geographic expansion. However, they
did not analyse the evolutionary dynamics of these traits or their potential association with diversification rates, leaving such
interpretations speculative and based largely on temporal coincidence.

Addressing these gaps in species sampling, phylogenetic resolution and trait-based diversification analyses is therefore
critical to fully understanding the processes that enabled toads to achieve their present-day global distribution. Here, we
generate a well-resolved species-level phylogeny for modern toads using a probe-capture-based phylogenomic dataset and
compile a comprehensive trait dataset to uncover their spatiotemporal evolutionary processes across major continents. This
phylogeny encompasses 70.4% of extant species, integrating data from previous studies and representing all major clades.
We selected five traits (body size, parotoid glands, inguinal fat bodies, adult habitat types, developmental modes) from Van
Bocxlaer et al. [24], as these are hypothesized to play crucial roles in various aspects of toad natural history, including survival,
adaptation and global expansion. Our study aims to address two key questions: (i) by which routes did modern toads colonize
the world, and how were these influenced by geological history? And (ii) how did trait evolution influence diversification and
distribution patterns during global expansion?

2

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 292: 20251928

Downloaded from http://royalsocietypublishing.org/rspb/article-pdf/doi/10.1098/rspb.2025.1928/2818234/rspb.2025.1928.pdf
by AMNH user
on 21 January 2026



2. Material and methods
(a) Novel taxon sampling and probe design
To construct a well-resolved phylogeny of Bufonidae, we generated a phylogenomic dataset using anchored hybridization
enrichment (AHE) [39]. The loci are homologous to the AHE loci developed by Lemmon et al. [39] and applied in Hime et al.
[40]. To obtain the gene sequences across Bufonidae, we mined 220 amphibian-specific orthologous AHE loci from the whole
genome of Bufo bufo (GCA_905171765.1). Among these, 219 conserved orthologous genes were identified, and a probe set was
designed to target these loci. To integrate AHE data with existing mitochondrial sequences from previous studies (see below),
we selected 13 mitochondrial genes for probe design, based on the mitochondrial genome of Bufo gargarizans (NC_008410.1). We
designed a set of 100-mer DNA probes tiled across each of these loci, with different numbers of probes designed according to
the length of each gene. The tiling density of probes over target regions ranged from 3 to 4. A total of 9807 biotinylated 100-mer
RNA probes were designed, and the region covered by the probes was approximately 933 bp per locus on average. The probes
were synthesized by iGeneTech Bioscience Co., Ltd. (Beijing, China).

We sampled 124 species representing all major Bufonidae clades, referencing prior studies [24,30,34,35], for AHE sequencing
using the probes designed above. In addition, drawing on previous large-scale phylogenetic studies on amphibians [17,40,41],
we included seven species as outgroups. AHE nuclear loci for six outgroups were obtained from Hime et al. [40], and Hyla
annectans (Hylidae) were newly sequenced. Detailed sampling information of the AHE dataset is provided in electronic
supplementary material, table S1.

(b) DNA extractions, library preparation and sequencing
We extracted genomic DNA from tissues using the Qiagen DNAeasy Tissue Extraction Kits (QIAGEN, Valencia, CA). We
followed the Hyb-Seq method of Mandel et al. [42], with library construction, capture preparation and sequencing performed by
iGeneTech Bioscience Co., Ltd. (Beijing, China). In brief, 200 ng of genomic DNA of each individual was sheared by Biorupter
(Diagenode, Belgium) to acquire 150−200 bp fragments. The ends of the DNA fragments were repaired and affixed with an
Illumina adapter (Fast Library Prep Kit, iGeneTech, Beijing, China). After the library construction, the samples were pooled (8–
12 samples per batch) for multiplexed target capture using the 9807 custom-designed probes. Based on these probes, captured
libraries were obtained, mixed in equal molar amounts and sequenced on the Illumina platform (Illumina, San Diego, CA) with
150 base paired-end reads.

The quality of the demultiplexed raw paired-end sequenced reads was assessed using FastQC v0.12.0 (https://www.bioinformat-
ics.babraham.ac.uk/projects/fastqc/). We processed the reads using Trimmomatic v0.39 [43] to produce a cleaned dataset. This
involved trimming Illumina adapters, removing reads below the defined quality threshold (sliding-window set to 5 : 20), and
discarding short-cleaned reads (<50 bp length) or reads missing forward or reverse pairs. Cleaned reads were assembled with
HybPiper v2.0.1 [44]. The reads were first mapped to the targets using BWA v0.7.17 [45] and then assembled into contigs using
SPAdes v3.15.4 [46]. We aligned the FASTA files using Mafft v7.226 [47], trimmed the resulting alignments using the default settings
in trimAl v14 [48], removed ambiguously aligned positions, and then manually checked each FASTA file. In total, we obtained 155
high-quality gene sequences from the samples, comprising 150 nuclear loci and 5 mitochondrial loci. All aligned sequences were
concatenated into one sequence set for downstream analyses. The AHE sequence data are available on Dryad.

(c) Inclusion of existing sequence data
To maximize species sampling, we conducted a comprehensive review of systematic studies on modern toads (up to January
2023) focusing on ‘molecular phylogeny’, to ensure that a large amount of existing Sanger sequence data was included in our
phylogenetic analyses. We identified 73 relevant articles published between 1997 and 2023 (electronic supplementary material,
S1) and manually reviewed each. From these studies, we extracted sequence data for the corresponding species while taking
precautions to minimize species identification errors, which are common in GenBank records. In total, we compiled sequences
for 13 widely used molecular markers in amphibian phylogenetics [41,49,50]. These included seven nuclear genes (NCX1,
CXCR4, POMC, RAG1, H3A, RHOD, SLC8A1) and six mitochondrial genes (12S rRNA, 16S rRNA, ND1, ND2, CYTB, CO1) from
332 species (GenBank accessions can be found in electronic supplementary material, S1). Of these, five mitochondrial genes (16S
rRNA, ND1, ND2, CYTB, CO1) overlapped with the AHE dataset. In total, the combined AHE and published dataset included
456 species, accounting for 70.4% of all species of Bufonidae.

(d) Phylogenetic inference
We constructed phylogenies using both the AHE dataset alone and the concatenated dataset incorporating published sequences
(hereafter referred to as the ‘combined dataset’), applying the same workflow for both. Each locus was partitioned by codon
position, with non-protein coding genes, such as 12S rRNA and 16S rRNA, treated as single partitions. The maximum likelihood
(ML) tree was estimated using RAxML v8.2.11 [51] with the GTRGAMMA model assigned to each partition. Node support
was assessed using rapid bootstrap analysis (option—f a) with 1000 replicates. In addition, we performed partitioned rapid
bootstrapping to generate 100 bootstrap trees with branch length (option—k) for evaluating branch support.
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To account for varying coalescent histories across loci, we estimated the species tree using ASTRAL v5.7.8 [52]. We ran
ASTRAL using only the best ML tree from each of the 150 nuclear loci to avoid potential effects from sequence variability.
ASTRAL produced trees with branch support values derived from local posterior probabilities [53]. All alignments and trees are
available on Dryad.

(e) Divergence time analyses
Given the consistent topology observed across different datasets and approaches (see section Results in electronic supplemen-
tary material, figures S2–S4), we selected the combined dataset for subsequent analyses to maximize species representation.
We conducted divergence-time estimation using penalized likelihood [54] implemented in treePL [55] on the best tree of
RAxML. This method has been widely used for dating phylogenies with large numbers of species. We began by reviewing
calibration points from recent amphibian studies [17,40,49] and selected five calibration points to calibrate the phylogeny
(electronic supplementary material, table S2). Given the lack of sufficient evidence to confirm that the Paleocene ‘Bufo’ from
Brazil represents the oldest true Bufo species [56], this fossil was conservatively employed to calibrate the origin of Hyloidea.
To identify the appropriate level of rate heterogeneity in the phylogram, we tested cross-validation with standard smoothing
values from 10−10 to 106 in treePL. The optimal smoothing value was determined based on the lowest χ2 value. The best-fit
smoothing parameter was 10−5. We generated confidence intervals by running treePL 100 iterations on the best tree of RAxML,
using the same smoothing value, to produce 100 time-calibrated trees to account for the uncertainty associated with penalized
likelihood estimation. The time tree with confidence intervals was generated using TreeAnnotator v1.10.4 [57]. All the time trees
are available on Dryad.

(f) Biogeographic reconstruction
To test alternative hypotheses on the intercontinental dispersal of modern toads, we developed a series of biogeographic models
representing different colonization routes between major continents in the New World and the Old World. These included
ten structured scenarios built around three major hypotheses (M1–M3; figure 1), alongside a null model (M0) assuming
equal dispersal among regions (see electronic supplementary material, Methods). Detailed model descriptions are provided in
electronic supplementary material, Methods.

To infer the optimal biogeographic scenario, a model-testing approach was applied using the R package BioGeoBEARS
v0.2.1 [58] based on the tree generated by treePL, excluding outgroups. Following previous biogeographic analyses on modern
toads [24,34,35,59,60] and the current distribution pattern [29], we defined six biogeographic regions corresponding to their
global distribution: South America, Central America, North America, Africa, Asia and Europe (figure 1), as the spatial units
for our biogeographic analyses. These six regions capture well-supported phylogeographic breaks that correspond to major
historical dispersal events and vicariant barriers in the evolutionary history of modern toads [34,59]. Furthermore, these regions
broadly correspond to those recognized in global amphibian biogeographic reconstructions and are consistent with area units
used in major analyses of anuran global dispersal [35]. Geographical distribution data for each species were compiled from
AmphibiaWeb (electronic supplementary material, table S3, [29]). Analyses were conducted using six models implemented
in BioGeoBEARS: Dispersal-Extinction Cladogenesis (DEC [61]), the ML version of Dispersal Vicariance Analysis (DIVALIKE
[62]), the Bayesian biogeographical inference model (BAYAREALIKE [63]) and their extension with a founder-event speciation
parameter (+J). Different dispersal matrices were used to limit the dispersal among regions according to the ten possible
scenarios (figure 1; electronic supplementary material, table S4). We set the value of free dispersal between two regions to 1,
and the value of strictly restricted dispersal to 0.001 (electronic supplementary material, table S4). All analyses set the maximum
possible distribution of ancestor nodes to two. Model fits were evaluated using AIC and relative model weights.

(g) Species diversification analyses
We investigated changes in diversification rates over time by estimating diversification dynamics using the Bayesian analysis of
macroevolutionary mixtures (BAMM v2.5.0 [64]). The time tree, excluding outgroups, was used as the input tree. Priors were
configured using the R package BAMMtools v2.1.10 [65]. To account for incomplete taxon sampling, sampling fraction data
for each genus-level clade were provided (electronic supplementary material, table S5). The BAMM analysis was run for 10
million generations at a temperature-increment parameter of 0.01 and sampled event data every 1000 generations. The first 30%
of samples were removed as burn-in. Effective sampling size (ESS) values were examined using the R package coda [66]. The
post-burn-in output files were analysed using BAMMtools by assessing posterior probabilities for the selected best rate-shift
configuration and the 95% credible rate shift configuration. Rate-through-time curves, including speciation (λ), extinction (µ)
and net diversification (r), were summarized and visualized under the best shift model using BAMMtools. To complement
the molecular evidence with data from extinct species, we also reconstructed extinction dynamics based on fossil records
of Bufonidae retrieved from the Paleobiology Database (PBDB; paleobiodb.org/). Fossil-based diversification analyses were
conducted using a Bayesian framework implemented in PyRate [67,68]. Detailed procedures and parameter settings for PyRate
analyses are described in electronic supplementary material, Methods.
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(h) Trait-dependent diversification analyses
To characterize the trait evolution of modern toads, we compiled a species-level dataset encompassing five traits that present
key aspects of their life history, including body size, adult habitat types, developmental modes and important organs such as
parotoid glands and inguinal fat bodies (electronic supplementary material, S2). Data were coded following Van Bocxlaer et al.
[24] and updated using the recent International Union for Conservation of Nature (IUCN) global amphibian assessment [69],
AmphibiaWeb [29], and published literature (see details in electronic supplementary material, S2). We visualized the species
composition distribution of all five traits across major continents in a world map. All the trait data used in this study were
categorical characters.

Ancestral state reconstruction was performed for each trait to obtain the origin ages of each state. We used stochastic
character mapping of discrete traits via SIMMAP [70] using the R package phytools v2.0.3 [71]. The best-fit model of character
evolution was determined by fitting an equal-rates model and an all-rates-different (ARD) model to the dataset using the
function ‘fitDiscrete’ in Geiger v2.0.6 [72]. Model fit was compared using the AICc [73]. The ARD model had the best fit to most
of the data, followed by SYM (electronic supplementary material, table S6). We simulated 1000 stochastic character maps from
the dataset using the ARD model and obtained posterior probabilities for the nodes by averaging the state frequencies across all
maps. Reconstructions were conducted on the treePL time tree. For the reconstruction of each trait, the time tree was pruned to
include only the species for which that trait was available.

To estimate rates of speciation and extinction associated with each state of a trait, we applied the Several Examined and
Concealed States-dependent Speciation and Extinction models from the R package SecSSE v2.1.746 [74] to account for the variation
within each observed state by including the hidden states. Following Liedtke et al. [75], we tested four scenarios for each trait:
(1) constant diversification (CR models), where speciation and extinction parameters are fixed to be the same across all states.
(2) Variable diversification rates across the observed traits, without hidden traits. (3) Variable diversification rates across the
observed traits, with hidden traits. (4) Variable diversification, but only across hidden states. For the SecSSE analysis, the number
of parameters for hidden-state models was exceedingly large, and thus, only one hidden state (two rate categories) could be tested.
Starting values for speciation and extinction were optimized with the bd_ML function from the R package DDD v5.0105 [76]. We
ranked models according to their performance based on AIC and AICw to compare the fit of the four diversification scenarios. For
the best-performing models, we estimated net diversification rates (speciation minus extinction) for each observed state to facilitate
comparison. State-specific sampling fractions (species sampled in phylogeny/species sampled for state) were used to account for
sampling biases. We applied SecSSE analysis on the 100 trees generated by treePL to account for uncertainty.

3. Results
(a) Phylogenetic relationship
Our AHE sequencing generated 150 high-quality loci for 124 toad species (electronic supplementary material, figure S1), with
a missing data rate of 0.7%. These loci had a concatenated length of 184 074 bp, with an average locus length of 1227 bp. The
combined dataset, including additional species, spanned 195 795 bp across 456 species.

Both the RAxML analysis of the AHE dataset (electronic supplementary material, figure S2) and ASTRAL analysis (electronic
supplementary material, figure S3) produced similar topologies (normalized Robinson–Foulds distance = 0.04), with only minor
conflicts in the placement of a few genera, such as Phrynoidis asper. Thirteen well-supported clades were identified from the
AHE dataset alone (electronic supplementary material, figure S2). Our results strongly support the Central American lineage
Incilius as the sister group to the North American Anaxyrus lineage, with both forming a sister clade to the South American

Figure 1. The map highlights six major biogeographic regions: South America (A), Central America (B), North America (C), Africa (D), Asia (E)nd Europe (F). The
red star indicates the approximate origin of Bufonidae in South America. The white panel illustrates ten possible dispersal routes originating from South America
(A), with arrows indicating dispersal direction. These models are categorized into three main types: (M1) northward expansion and land-bridge-connected dispersal,
(M2) Trans-Atlantic long-distance dispersal and (M3) mixed-mode dispersal from South America to both North America and Africa. Toad silhouettes sourced from
PhyloPi (https://www.phylopic.org/images).
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Rhinella (Clade 7 in electronic supplementary material, figure S2). Furthermore, the African genus Sclerophrys was shown to
be non-monophyletic only due to ‘S. dodsoni’ and a similar northeast African sample being sister to (and thus members of)
Vandijkophrynus, with strong support (clade 13 in electronic supplementary material, figure S2). The African genera Capensibufo,
Poyntonophrynus, and Mertensophryne form a monophyletic clade (Clade 12 in electronic supplementary material, figure S2).
The generic monophyly of Bufotes from Asia was confirmed with high support (Clades 12 and 10 in electronic supplementary
material, figure S2).

The ML tree constructed from the combined dataset showed a slight decrease in support (electronic supplementary material,
figure S4), though the overall topology remained consistent with the AHE dataset. All 13 well-supported clades were retained,
with identical positions and relationships (electronic supplementary material, figure S2). As anticipated, some inconsistencies
around taxonomic identification arose in the combined dataset, due to misidentifications inherent with the use of GenBank data;
however, this does not affect our overall conclusions.

(b) Biogeographic history and diversification dynamics
Our time-calibrated phylogeny and biogeographical analysis provided a clear timeframe for the global expansion of true
toads. Ancestral area reconstruction, based on best-fit model (DEC +j; electronic supplementary material, table S7), indicated
a South American origin for Bufonidae, with dispersal out of South America beginning in the Oligocene (figure 2a,b; Node
1 in electronic supplementary material, figure S5). The analysis further revealed that ancestral toads dispersed from South
America into Africa around 29.0 Ma (figure 2a,b; Node 7 in electronic supplementary material, figure S5), which subsequently
led to the diversification of African and Eurasian clades. In the New World, colonization of North America occurred via two
distinct pathways. The first involved direct dispersal to North America around 31.3 Ma (figure 2a,b; Node 6 in electronic
supplementary material, figure S5, leading to Clade 6 or Peltophryne), while the second pathway involved stepwise dispersal
through Central America between 27.9 and 16.1 Ma. Throughout all these colonization processes, our analyses detected no
secondary invasion events back into South America (figure 2b; electronic supplementary material, figure S5). Dispersal out of
South America involved both direct expansion to Africa (rejecting M1) and movement towards Central and North America
(rejecting M2). Within the M3 scenarios, there was no evidence of dispersal between North America and Europe (rejecting M3
and M3b) or between North America and Asia (rejecting M3a). Taken together, our results support the M3c scenario, indicating
not only a Trans-Atlantic oceanic dispersal from South America to Africa and then the rest of the Old World, but also a separate
dispersal from South America to North America, with no subsequent exchange between North America and the Old World
(either Europe or Asia).

The BAMM analyses depicted a near hump-shaped increase in net diversification rates (figure 2c; electronic supplementary
material, figure S6). Initially, diversification rates remained relatively flat until approximately 30 Ma, followed by a rapid
increase until around 22 Ma (figure 2c). Thereafter, diversification rates gradually decreased over time, continuing to decline
towards the present day (figure 2c).

In the fossil-based PyRate analyses, speciation rate and extinction most of the time remain constant, only recent extinction
rate shifts are detected since 1.9 Ma, leading to a similar decreasing trend of net diversification rates (electronic supplementary
material, figure S7).

(c) Trait diversification dynamics
Ancestral state reconstructions revealed clear patterns for most traits, except for adult habitat types (figure 3). The most recent
common ancestor of extant toads was inferred to have been small in size (<50 mm; figure 3a), with other size classes emerging
during the Oligocene (approx. 32 Ma). Larger body sizes appeared progressively later and were primarily restricted to the
Northern Hemisphere (electronic supplementary material, figure S8), with the largest size class (>150 mm) being the most
recent and involving relatively few species. The ancestral toad is also inferred to have lacked parotoid glands (figure 3b) and
inguinal fat bodies (figure 3e). The acquisition of parotoid glands and inguinal fat bodies began around the Oligocene (approx.
32 Ma) and subsequently became widespread across most regions (electronic supplementary material, figures S9 and S10).
The reconstruction of adult habitat types remains ambiguous at the root and across most internal nodes (figure 3c; electronic
supplementary material, figure S11). The ancestral developmental mode was exotrophic, with larvae deriving energy from
ingested food as free-swimming individuals (figure 3d; electronic supplementary material, figure S12). This developmental
mode has been retained by most extant toads, except for a few specific lineages, such as Nectophrynoides, Oreophrynella and
Pelophryne, which evolved endotrophic larval feeding.

The best-fitting models from SecSSE revealed a complex relationship between species diversification and trait evolution
(figure 4; electronic supplementary material, table S8). For body size, the best-fitting model was a constant-diversification
model (AICw = 1; figure 4a; electronic supplementary material, table S8), indicating that neither the observed states nor
hidden states influenced diversification rates. In contrast, for the presence of parotoid glands, the best-fitting model suppor-
ted contributions from both the observed state and a hidden state (AICw = 0.89; electronic supplementary material, table
S8). The SecSSE model estimated significantly higher diversification rates (averaged across observed and hidden states) for
species with parotoid glands (0.05−0.1 lineages Myr−1) compared to those without (0.03−0.07 lineages Myr−1, p < 0.001; figure 4b;
electronic supplementary material, table S8). Similarly, for adult habitat types, the model also supported contributions from
both observed and hidden states (AICw = 1; electronic supplementary material, table S8). Species with water-independent adult
habitats exhibited significantly higher diversification rates (0.05−0.07 lineages Myr−1) than those with water-dependent habitats
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(0.03−0.06 lineages Myr−1, p < 0.001; figure 4c; electronic supplementary material, table S8). For developmental modes, the model
supported an effect of hidden states alone on diversification (AICw = 0.89; figure 4d; electronic supplementary material, table
S8). In the case of inguinal fat bodies, both observed and hidden states were again supported as contributing factors (AICw =
1), with species possessing inguinal fat bodies showing significantly higher diversification rates (0.05−0.06 lineages Myr−1) than
those lacking them (0.02−0.03 lineages Myr−1, p < 0.001; figure 4e; electronic supplementary material, table S8).

4. Discussion
Modern toads represent one of the few amphibian radiations to achieve a near-global distribution, yet their biogeographic
history has long been debated. Our study resolves several persistent controversies by reconstructing a well-supported phylog-
eny and conducting formal biogeographic analysis. Together, these results reveal that modern toads most likely originated in
South America and colonized the Old World via a Trans-Atlantic oceanic route, rather than through northern land bridges such
as Beringia or the North Atlantic corridor.

Divergence time estimates place the origin of modern toads at 60.7 Ma (figure 2), well after the final breakup of the
Gondwanan supercontinents, by which time South America and Africa had already separated [77,78]. This timeline renders a
Gondwanan origin, as proposed by Maxson [37], less unlikely. Ancestral area reconstruction clearly supports an ‘Out of South
America’ pattern (figure 2), consistent with previous studies such as Pramuk et al. [34], Van Bocxlaer et al. [24] and Pyron [35].
Notably, Pramuk et al. [34] inferred a South American origin from phylogenetic inference alone, without formal biogeographic
modelling, while Van Bocxlaer et al. [24] and Pyron [35] integrated both divergence dating and quantitative biogeographic
methods to support the same conclusion. Regarding the dispersal route to the Old World, Pramuk et al. [34] considered
Beringia and the North Atlantic land bridges and tentatively favoured Beringia; however, their analysis was limited by sparse
sampling and unresolved phylogenetic relationships, and lacked explicit biogeographic inference. In contrast, our results
provide no evidence for post-origin dispersal between North America and Eurasia (figure 2b). Instead, we identified a strongly
supported phylogenetic connection between South American and African lineages (figure 2a,b), suggesting a Trans-Atlantic
oceanic dispersal event.

The trans-oceanic dispersal route from South America to Africa identified in our study includes two possibilities within the
Cenozoic geological framework: (i) a single, long-distance overwater dispersal (rafting) or (ii) a stepwise migration through
temperate–subtropical Antarctica. Traditionally, overwater dispersal by amphibians was considered improbable due to their

Figure 2. Ancestral area reconstruction and temporal dynamics of species diversification in modern toads. (a) Results of ancestral area reconstruction, with each colour
representing a different region: orange for South America, light green for Central America, pink for North America, dark green for Africa, blue for Asia and purple
for Europe. Tree markers indicate inferred cross-continental dispersal events, corresponding to the sequence illustrated in panel (b). Species photos courtesy of Ariel
Rodriguez, Brian Freiermuth, Jörn Köhler, Mauro Teixeira Jr, Paul Szekely, Pedro L. V. Peloso, Robson W. Ávila, Sean M. Rovito, Stuart V. Nielsen, Thomas Eimermacher,
Todd W. Pierson, Xiaolong Liu and Xianqi Li. (b) Schematic representation of cross-continental dispersal events, with timing estimated based on the oldest colonization
events. The red star indicates the origin of Bufonidae. (c) Diversification rate estimates from BAMM analysis.
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salt intolerance [79,80]. However, accumulating evidence, including molecular clock data, island endemism patterns and direct
observations of storm-driven rafting events covering thousands of kilometres, supports the feasibility of long-distance dispersal
across oceans [81–84]. Alternatively, a stepwise dispersal via Antarctica is also feasible, given the continent’s temperate to
subtropical climate during the Late Cretaceous and early Cenozoic (100–50 Ma), as indicated by fossil plants, sediments and

Figure 3. Ancestral state reconstruction of traits in modern toads. (a) Body size, categorized into four states: <50 mm, 50−100 mm, 100−150 mm and >150
mm. Results indicate that <50 mm was the ancestral state in modern toads. (b) Parotoid glands presence/absence. The absence of parotoid glands was inferred
as the ancestral condition. (c) Adult habitat types, categorized as either water-dependent or water-independent. The ancestral state was ambiguous for this trait.
(d) Developmental modes, categorized as endotrophic or exotrophic. The exotrophic mode was inferred to be the ancestral state. Grey shading denotes the time
window corresponding to the initial dispersal out of South America. (e) Inguinal fat bodies presence/absence. The absence of inguinal fat bodies represents the
ancestral condition.

Figure 4. Diversification rates for each trait state are estimated under the best-fitting SecSSE model across 100 iterations. Panels show results for (a) body size,
(b) parotoid glands, (c) adult habitat type, (d) developmental mode and (e) inguinal fat bodies.
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geochemical proxies [85]. Intermittent land connections may have persisted until at least 31 Ma [86], which aligns with our
divergence-time estimates for the initial expansion of modern toads from South America.

Although the role of Antarctica in amphibian dispersal has been rarely discussed (but see Goin & Goin [87]), the discovery
of calyptocephalellid frog fossils in Antarctica [88] provides compelling evidence, and biotic exchanges between Antarctica
and Africa have been suggested for other groups as well [89–91]. Similar biogeographic patterns have been proposed for
pelodryadine hylids in Australasia, with both overwater dispersal from South America and stepwise dispersal via Antarctica
suggested as plausible scenarios [17,35]. Determining which, if either, of these pathways predominated remains an open
question; resolving it will require denser fossil sampling, more comprehensive molecular datasets and higher-resolution
palaeogeographic models. In summary, our results highlight the need to seriously consider both oceanic and Antarctic corridors
in reconstructing amphibian biogeography and demonstrate that, under favourable climatic and geological conditions, even
physiologically constrained groups like amphibians can overcome formidable geographic barriers.

Our analysis reveals a marked acceleration in species diversification rates shortly after the rapid expansion of modern toads
out of South America, echoing patterns observed by Van Bocxlaer et al. [24], although their study did not explicitly address
geological drivers of diversification. This pulse coincides with the Eocene—Oligocene transition—a global extinction event that
likely opened ecological niches for colonization and diversification [92–95]. Following their colonization in Africa, modern
toads dispersed into Asia via the Middle East and colonized Europe through five independent events after the closure of the
Tethys Ocean (figure 2b). The Terminal Tethyan Event (18–12 Ma) possibly facilitated the dispersal between Africa and Eurasia
through plate connection by tectonic movement and convergence [96–98]. In the New World, modern toads dispersed from
South to North America via both direct and stepwise routes well before the Isthmus of Panama closed, paralleling patterns
observed in genus Rana (Ranidae, Amphibia) [99–101]. Although fossil-based estimates suggest a recent extinction during the
glacial period (electronic supplementary material, figure S7), these appear to have had a limited impact on overall toad diversity
or distribution. Together, these patterns highlight the group’s exceptional capacity to overcome geographic barriers, rapidly
colonize new environments and establish populations across broad geographic regions.

The acceleration in modern toads’ diversification and subsequent rapid expansion also matches with the evolution of key
innovation traits, such as the emergence of parotoid glands; however, other traits did not show such an association. The
evolution of parotoid glands, a novel pair of dorsolateral organs on the toad’s head that secrete toxins which are highly repellent
to many predators, has been recognized as another major factor contributing to the successful modern invasion of cane toads
into Australia [102]. This evolutionary innovation emerging immediately after the dispersal from South America, underwent
rapid phenotypic evolution in lineages that left the continent, while also contributing to species diversification (figure 4). The
emergence of this organ enabled toads with this trait to achieve greater global dominance in species composition compared to
those characterized by larger body size (electronic supplementary material, figure S10). A similar diversification pattern may
exist for inguinal fat bodies—another trait hypothesized to facilitate physiological adaptation in harsh habitats—but because
current sampling for this character is relatively limited, we can only make preliminary conclusions at this time.

Body size is often considered a key factor in the success of the cane toad (Rhinella marina), a species that originated in Central
and South America and has since invaded many geographic areas through direct human introductions, rapidly spreading
across Australia on a continental scale [103]. Increased body size allows toads to effectively respond to environmental changes
across diverse local conditions, with aridity being an important barrier to be faced [104]. It may also facilitate range expansion
by reducing water loss due to optimized surface-to-volume ratios [105–107]. In our study, the emergence of larger body
size closely coincided with the timing of the Old-World colonization (figure 3a). However, body size showed no significant
association with species diversification (figure 4), which may explain why large-bodied species are predominantly restricted to
the Northern Hemisphere (electronic supplementary material, figure S8). Traits such as adult habitat types and developmental
modes, while crucial for toad survival in harsh environments, do not appear to be associated with high diversification rates
(figure 4) and global expansion (figure 3c,d). This lack of correlation may reflect that, while generalist physiological adaptations
of amphibians can enhance survival in marginal environments, they may lack the functional specificity or ecological impact
necessary to drive rapid radiations or facilitate long-distance dispersal—unlike more specialized traits for modern toads such as
the parotoid glands and inguinal fat bodies (figure 4).

In conclusion, our study suggests that the global radiation of toads is closely linked to both geological history and trait
innovation. Geological changes, particularly during the Oligocene and Miocene, facilitated the colonization of the Old World,
while the emergence of innovative traits, especially the parotoid glands, enabled toads to flourish in new environments (with
new predators), diversify rapidly and occupy various ecological niches. This research provides a compelling example of
integrating historical biogeography and trait evolution to elucidate the processes underlying global diversity patterns. Further
studies are needed to deepen our understanding of these dynamics.
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