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Significance

 Natural experiments that test 
species boundaries can reveal 
key insights into how biodiversity 
is generated and maintained. 
Sulawesi, formed by the fusion of 
formerly isolated paleo-islands 
that brought populations into 
secondary contact, provides a 
rare opportunity to test whether 
the outcomes are predictable. 
When Sulawesi fused, previously 
isolated sun skink populations 
displayed distinct outcomes—
from merger, to contact zones, to 
full sympatry—contingent on the 
time of isolation. Other fauna on 
Sulawesi share a subset of these 
outcomes, but apparently only 
sun skinks achieved sympatry by 
diverging in body size, 
highlighting how physical traits 
maintain species boundaries. 
These results provide real-world 
support for core predictions of 
evolutionary theory and show 
how Earth’s geological history 
continues to shape biodiversity.
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Speciation often results from the accumulation of reproductive isolation associated with 
lineage divergence, but secondary contact between diverged lineages can reshape the 
trajectory of speciation and reveal its underlying processes. The Indonesian island of 
Sulawesi is a tectonically complex island formed by the fusion of many paleo-islands, 
resulting in replicated cases of secondary contact among once-isolated lineages. Unlike 
secondary contact on continents where hybridization often results from unpredictable 
range shifts, Sulawesi’s fauna presents a replicated set of geologically constrained natural 
experiments to test how the magnitude of evolutionary divergence predicts outcomes 
of secondary contact and hybridization. Using thousands of genome-wide loci from 
Eutropis sun skinks spanning Wallace’s Line on Sulawesi and Borneo, we reconstructed 
a reticulate evolutionary history shaped by overwater dispersal, isolation, island fusion, 
hybridization, and character displacement. We delimited five distinct species (three 
undescribed) and uncovered multiple ancient hybridization events following island 
fusion leading to distinct outcomes. These outcomes—speciation reversal, parapatry, 
and sympatry putatively through reproductive character displacement—were associ-
ated with increasing levels of prior divergence consistent with evolutionary theory. 
Sympatry, specifically, was preceded by substantial introgressive hybridization and body 
size divergence that likely confers reproductive incompatibility. Together, these results 
provide empirical support for divergence-dependent tipping points along the speciation 
continuum. The sun skink radiation also includes a rare instance of reverse colonization 
of Borneo across Wallace’s Line that established a narrowly divergent species with a 
uniquely intermediate body size absent from Sulawesi.

speciation | lizard | character displacement | phylogenomics | Wallace’s Line

 Elucidating and characterizing the processes underpinning speciation is a fundamental 
goal of biodiversity science. Many species are completely reproductively isolated from 
close relatives, either by intrinsic reproductive isolating mechanisms or geographic sepa-
ration ( 1 ). However, there are also species with incomplete reproductive isolation, and 
investigating these lineages can shed important light on fundamental aspects of the spe-
ciation process ( 2 ). The early stages of lineage divergence often occur in geographic iso-
lation due to drift where genetic differences and reproductive incompatibilities accumulate 
( 3 ). A critical junction in this process occurs if these diverging lineages meet in secondary 
contact following isolation. This secondary contact may lead to genetic exchange that can 
cause the process to either reverse, proceed, or even accelerate ( 4 ). Secondary contact 
provides a natural test of the degree of established reproductive isolation and can produce 
an array of outcomes that offer insights into the origins and maintenance of biodiver-
sity ( 5 ).

 Evolutionary theory and empirical studies suggest that the consequences of secondary 
contact are contingent on the extent of genetic divergence between the interacting lineages 
( 6       – 10 ). If divergence is limited and reproductive barriers are weak, extensive hybridization 
and gene flow can lead to the collapse of incipient species boundaries—reversed ( 11 ) or 
arrested speciation ( 12 ) ( Fig. 1A  ). Conversely, at moderate levels of genetic divergence, 
lineages may maintain their distinctiveness despite significant gene flow ( 2 ). This can result 
in stable hybrid zones where lineages meet but interbreed sparingly (parapatry), or even 
progress toward coexistence in the same geographic area (sympatry) ( 2 ) ( Fig. 1A  ). Sympatry 
between closely related species is assumed to require strong pre- or postzygotic isolation 
mechanisms, as otherwise their species boundaries would collapse ( 1 ). Secondary contact 
can also accelerate speciation either by directly generating reproductively isolated hybrid 
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lineages or through incompatibilities ( 13   – 15 ). Incompatibilities 
may promote divergent selection when interlineage mating pro-
duces unfit hybrids—reinforcement ( 16 ). Yet few studies have 
tested these predictions across multiple lineage pairs with 
well-understood histories.        

 A growing body of research has demonstrated that key mark-
ers of speciation, such as the strength of reproductive incom-
patibilities, the probability of reinforcement, and the narrowness 
of hybrid zones, all increase with genetic divergence ( 6 ,  17     – 20 ). 
Extending this framework, theoretical models and empirical 
observations have identified a sigmoidal divergence threshold 

or “tipping point” where the outcome of hybridization rapidly 
switches from speciation reversal to progression with increasing 
divergence (measured variously as Fst or Dxy, or compared 
using divergence times which are correlated with genetic diver-
gence) ( 21     – 24 ). However, broad comparative studies often lack 
precise isolation histories (e.g.,  21 ), and contact zone analyses 
typically reflect only a single outcome—parapatry (e.g.,  19 ). A 
more complete understanding of how speciation progresses 
requires robust, replicated empirical systems that link distinct 
contact outcomes to known histories of isolation and secondary 
contact ( 25 ).

A

C

B

Fig. 1.   Illustration of the three possible outcomes of secondary contact during island fusion and overview of study system. (A) When islands with isolated, 
divergent lineages fuse, it provides an opportunity for secondary contact with three possible outcomes and varying degrees of introgressive hybridization (IH). (A1) 
They may experience such substantial IH that speciation reverses and the lineages merge. (A2) Lineages may form a stable contact zone and become parapatric 
with varying degrees of IH. (A3) The lineages may have either diverged ecologically in isolation or may experience postcontact character displacement allowing 
full species sympatry, which also could be coupled with IH. (B) Sulawesi has undergone a dynamic paleogeographic history in which six primary paleo-islands 
fused to form Sulawesi’s present configuration. (C) The two focal taxa, Eutropis rudis and Eutropis macrophthalma have a two-fold divergence in body size. They 
are sympatric on Sulawesi, and E. rudis also ranges across Wallace’s Line to Borneo.
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 The rare phenomenon of island fusion—where previously sep-
arated islands become land-connected due to movement, uplift, 
or sea-level shifts—creates an exceptional scenario for studying 
secondary contact ( 26 ,  27 ). Island archipelagos provide “natural 
laboratories” to investigate evolution because of their discrete 
boundaries and strong isolation ( 28 ), often showcasing rapid 
diversification ( 29 ). Island fusion can push multiple pairs of 
related lineages, potentially with different degrees of divergence, 
into contact within a shared geographic and environmental con-
text, offering a powerful comparative framework.

 The Indonesian island of Sulawesi represents such an extraor-
dinary natural experiment. Its peculiar K-shape results from a 
complex geological history involving the amalgamation of six 
primary paleo-island fragments ( Fig. 1B  ) ( 30 ). This fusion process, 
occurring primarily from 3 to 1 Ma following as much as 25 Ma 
of isolation ( 30 ), profoundly shaped the island’s highly endemic 
fauna with distributions of many taxa reflecting the boundaries 
of these ancestral paleo-islands ( 31 ). This history implies repeated 
instances where lineages diversified in isolation on separate 
paleo-islands and were subsequently brought into secondary con-
tact as the landmasses coalesced, resulting in Sulawesi’s high species 
richness and endemicity ( 12 ,  32 ,  33 ). Sulawesi thus provides a 
spatially and temporally explicit framework to investigate whether 
divergence accumulated during isolation dictates the outcome of 
secondary contact. Both ancient hybridization and arrested spe-
ciation have been detected in some taxa on Sulawesi ( 12 ,  34 ,  35 ), 
but it remains untested if these are repeated consequences of sec-
ondary contact due to island fusion or other processes.

 Here, we utilize this replicated paleogeographic framework to 
investigate the outcomes of secondary contact along the speciation 
continuum in a small and nearly unstudied radiation of Eutropis  
sun skinks. The focal clade consists of two described taxa, Eutropis 
rudis  and Eutropis macrophthalma , distributed across Sulawesi and 
Borneo that exhibit two-fold body-length and five-fold body mass 
divergence ( Fig. 1C  ) ( 36 ,  37 ). They are fully sympatric on Sulawesi 
occurring in the same microhabitats with overlapping elevational 
ranges on Sulawesi’s mountains ( 38 ). Previous genus-wide studies 
with limited intraspecific sampling have supported them as sister 
taxa ( 39 ,  40 ), but no range-wide phylogenetic research has inves-
tigated whether divergent lineages exist within each. Eutropis rudis  
has a unique distribution spanning Wallace’s Line which traces 
the edge of the Sunda continental shelf (between Borneo and 
Sulawesi) and is a major biogeographic barrier for many taxa ( 33 ).

 We studied the evolution of this group using nearly 200 genetic 
samples and 500 morphological samples collected over decades of 
field research in Sulawesi and Borneo. We generated a genome-wide 
and densely geographically sampled dataset and integrated coa-
lescent species delimitation, explicit tests for hybridization, phy-
logenomic network inference, demographic modeling, and 
reconstructions of ancestral body size and biogeographic history. 
We found that sun skinks colonized the Sulawesi paleo-archipelago 
from the adjacent Sunda Shelf and subsequently diversified across 
the paleo-islands before experiencing secondary contact driven by 
island fusion. We leveraged replicated island fusion events on 
Sulawesi to empirically test whether the outcomes of secondary 
contact within this radiation—ranging from reversal to parapatry 
to sympatry associated with phenotypic divergence—are depend-
ent on the evolutionary divergence accumulated during isolation. 
By resolving the complex reticulate history of this group, we were 
able to develop a synthetic understanding of their unique evolu-
tionary history that included overwater dispersal to isolated 
islands, introgressive hybridization (IH) with strikingly different 
outcomes, and pronounced shifts in body size, providing a unique 
glimpse into the speciation continuum. 

Results

Phylogenomics Reveals a Cryptic Radiation Shaped by 
Hybridization. Our investigation into the Eutropis rudis-
macrophthalma clade of sun skinks, previously thought to comprise 
just two species distinguished by body size, uncovered a more 
complex history involving cryptic diversification with significant 
hybridization events. Initial mitochondrial screening revealed 
deep divergences within the small-bodied taxon, E. rudis, hinting 
at unrecognized lineages across some of Sulawesi’s paleo-islands 
(Fig. 2A). Subsequent phylogenomic analyses of 8.6 Mbp of nuclear 
data, including rapidly evolving long exon capture (RELEC) loci 
that maximize phylogenetic information content (41), confirmed 
this cryptic diversity and revealed a complex history of gene flow.

 Species delimitation using a multispecies coalescent with migra-
tion (MSC + M) model ( 42 ) supported a hypothesis of five distinct 
species originating from a single colonization of Sulawesi ( Fig. 2C  ). 
This includes the large-bodied, Sulawesi-endemic E. macroph-
thalma , and four lineages within the E. rudis  complex: three pre-
viously undescribed, small-bodied endemic species largely 
restricted to different regions of Sulawesi (ENP: Eastern Northern 
Peninsula; West Sulawesi: Western Northern Peninsula + Western 
Central Core; SW + SE + E: Southwest + Southeast + Eastern 
Peninsulas), and one representing E. rudis  sensu stricto, now con-
fined to Borneo but nested within the Sulawesi radiation. Genomic 
differentiation between these lineages was substantial, with 
Genealogical Discordance Index (GDI) values above 0.7 which 
usually indicates distinct species (SI Appendix, Tables S4 and S6 ). 
Only the Borneo and SW + SE + E sister lineages had ambiguous 
GDI values of 0.56 and 0.41, respectively, yet we still consider 
these distinct species based on nonoverlapping adult body size and 
low contemporary gene flow. We will formally diagnose and name 
these undescribed species in future work, but our species delimi-
tation provides robust operational units for investigating evolu-
tionary processes in this study. See supplementary text for other 
taxonomic implications.

 Reconstructing the precise evolutionary relationships among 
these five species proved challenging due to three cases of ancient 
IH. Standard MSC methods which assume strictly bifurcating 
evolution with discordance driven only by incomplete lineage 
sorting (ILS), yielded highly supported but conflicting topologies. 
Specifically, the ENP lineage was consistently misplaced due to 
“introgression attraction”—its phylogenetic position artifactually 
shifted toward E. macrophthalma , which we later found to be the 
result of substantial gene flow—rather than reflecting the primary 
backbone history ( Fig. 2B   and SI Appendix, Fig. S8 ). Furthermore, 
divergence time estimates under these bifurcating phylogenetic 
estimates were unreliable, displaying pathological node age com-
pression where distinct divergence events appeared artificially 
simultaneous (SI Appendix, Fig. S8 ). These artifacts highlight that 
failing to account for IH can produce positively misleading results, 
even with large datasets (also see  12 ).

 Explicit tests for introgression confirmed the presence and 
sources of hybridization. Significant differences in discordant gene 
tree quartet frequencies across all data types indicated IH involving 
the ENP lineage ( Fig. 3A   and SI Appendix, Fig. S11 ). Site-based 
methods (ABBA-BABA and f-branch tests using >1.3 million 
SNPs) confirmed introgression between E. macrophthalma  and 
ENP ( Fig. 3B   and SI Appendix, Table S8 ). They also detected 
introgression between West Sulawesi and both SW + SE + E and 
Borneo (or their common ancestor).        

 Full Bayesian phylogenetic network inference, which explicitly 
models both ILS and IH and integrates across gene tree uncer-
tainty, recovered a strongly supported network topology. This full 
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Fig. 2.   Overview of the coalescent species delimitation workflow. (A) We first conducted mitochondrial screening at high spatial resolution to assess the major 
clades present in the dataset. We then selected representative samples for target capture phylogenomics. Circles at nodes have ≥70% bootstrap support. (B) 
ASTRAL-HYBRID topology on the combined set of 3,416 loci and population admixture plots for key clades. Circles at nodes have 100% support. This topology 
was influenced by introgression attraction in which ENP was drawn toward the source of introgression, E. macrophthalma. We selected candidate species for 
coalescent species delimitation based on the combined results of ASTRAL and STRUCTURE. (C) We employed Hierarchical Heuristic Species Delimitation (HHSD) 
using a multispecies coalescent plus migration (MSC + M) model that accounts for gene flow between land-connected candidate species (designated by arrows). 
We generally followed the conservative split algorithm result (GDI ≥ 0.7) except for the Borneo lineage which is substantially larger than the SW + SE + E lineage. 
Node labels are posterior probabilities for the separate guide tree estimation. The red branch to ENP highlights the different topologies obtained using strictly 
bifurcating MSC analyses compared to the other analyses.
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likelihood approach is expected to outperform site-based and 
two-step network inference approaches which may incorrectly 
specify the direction of introgression and struggle to detect ghost 
introgression arising from an extinct or unsampled lineage ( 43 ). 
The network with three hybrid edges was best supported even by 
analyses with larger numbers of allowed reticulations ( Fig. 3C  ; 
﻿SI Appendix, Fig. S20 ). This network had a backbone phylogeny 
consistent with the mitochondrial data and placed hybrid edges 
consistent with the introgression detection tests. The first substan-
tial introgression event (γ ≈ 24 to 35%) occurred from E. mac-
rophthalma  into ENP ( Fig. 3  and SI Appendix, Fig. S20 ). The 
second relatively limited introgression (γ ≈ 5.7%) occurred from 
the ancestor of SW+SE + E + Borneo into West Sulawesi. A third 
substantial introgression (γ ≈ 40%) from an unsampled ghost 
lineage stemming from the same ancestor into SW + SE + E likely 
corresponded to the initial splitting of now merged lineages (see 
“Speciation Reversal” section below). Two-step network inference 
only detected the first of these three introgression events across all 
four data types (γ ≈ 23.5 to 27.0%). The three-introgression model 
was validated by Bayes Factor testing in BPP (all BF>150), and 
no other introgression events between parapatric or sympatric taxa 
were supported. Demographic modeling under the MSC+I model 
in BPP estimated the timing of the introgression events between 
1 and 3 Ma for all datasets ( Fig. 4A  ). This timing aligns remarkably 
well with the primary period of Sulawesi’s paleo-island fusion (~3 
to 1 Ma), supporting that island coalescence facilitated secondary 
contact and hybridization between these previously isolated line-
ages ( Fig. 4C  ). The BPP estimated divergence times between spe-
cies were consistent with an additional BEAST analysis on the 
genus-wide supermatrix based on commonly used mitochondrial 
molecular clock calibrations.          

﻿Secondary Contact Outcomes are Associated with Divergence 
Time.     Sulawesi’s sun skink radiation, shaped by paleo-island fusion, 
provides a compelling system to illustrate how the outcomes of 
secondary contact relate to the degree of prior divergence. The dif-
ferent pairs of lineages pushed into contact represent distinct points 
along the speciation continuum, and their resulting interactions 
exhibit the full spectrum of predicted outcomes ( Fig. 4 E and F  ):

	 •	� Speciation Reversal: The populations occupying the histor-
ically separate Southwest (SW), Southeast (SE), and Eastern 
(E) paleo-islands are mitochondrially distinct but represent 
the lowest level of divergence within the E. rudis complex 
prior to secondary contact. Whereas they may have once 
represented distinct lineages, the genomic data indicate that 
they now form a single, widespread species (SW + SE + E) 
exhibiting clinal variation based on STRUCTURE analysis 
(Fig. 2B). While nuclear data display admixture and low GDI 
of 0.2 for SW and 0.29 for SE+E (near the 0.2 threshold 
below which a sample set unambiguously represents a single 
lineage), mitochondrial DNA retains deeper structure corre-
sponding to the ancestral paleo-islands. A single individual 
with a divergent mitochondrial haplotype at the southern-
most tip of the SW peninsula may correspond to the now-
merged ghost lineage that contributed about half its alleles (γ 
≈ 40%, 95% HPD for ϕ 46 to 59%). Introgression from the 
ghost lineage occurred around 1.1 to 1.2 Ma, potentially with 
the fusion of the SW peninsula to the remainder of Sulawesi. 
This outcome supports the theoretical expectation that insuf-
ficient precontact divergence allows gene flow to overwhelm 
early barriers, leading to the collapse of lineage boundaries. 
The ENP species also holds a deep mitochondrial break (9 to 
12% uncorrected pairwise divergence for the ND2 gene) that 
is now encapsulated within a more widespread nuclear lineage. 
This may also correspond to reversed or arrested speciation, but 
since this does not occur at a modeled paleo-island boundary 
we did not investigate it in more detail in this study.

	 •	� Parapatry: Two pairs of lineages that exhibit intermediate 
levels of divergence developed parapatry after secondary 
contact, one with limited introgression and the other with 
no inferred introgression. The older pair, West Sulawesi and  
SW + SE + E, form a contact zone across the central core and 
occur in narrow sympatry on the Eastern Peninsula. For this 
older pair our network analyses and site-pattern tests detected 
ancient, low-level introgression (γ ≈ 5.7%, 95% HPD for ϕ 
2.4 to 8.8%) from the SW + SE + E and Borneo ancestor into  
West Sulawesi, estimated to have occurred around 2.7 to 3 Ma 
depending on the analysis, likely with the concordant uplift 

A B C

Fig. 3.   We detected strong signatures of hybridization between the delimited species. (A) Gene tree quartet tests for introgression detected significantly different 
frequencies of discordant quartets (orange and green proportions) on the node to the ENP lineage. ILS-i and IH-i correspond to the extent of incomplete lineage 
sorting (0 to 100%) and IH (0 to 50%), respectively. Results for the RELEC data are displayed, but the three other data types had consistent results. (B) F-branch test 
for introgression based on site-pattern frequencies for >1.3 million SNPs. The color of red corresponds to the degree of allele sharing, with asterisks representing 
significant F-branch statistics. Gray boxes correspond to untested comparisons based on the topology. (C) Best-scoring Bayesian network topology based on 
the RELEC loci with three allowed reticulation events (Hmax) matched the topology at Hmax = 4. The hybrid edge from E. macrophthalma into ENP was inferred 
across all values of Hmax. The network posterior probability (pp) is displayed. In all panels, the red branch to ENP highlights the different topologies obtained 
using strictly bifurcating vs. network analyses.
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of Sulawesi’s central land bridge between 4 and 3 Ma accord-
ing to geological models (30). Estimates of contemporary 
migration are very low (SI Appendix, Table S5), and despite 
limited mitochondrial capture in the Eastern Peninsula 
contact zone, there is no signature of nuclear admixture 
(SI Appendix, Fig. S9). Conversely, the younger pair, ENP 
and West Sulawesi, must form a contact zone in the small 
sampling gap on the Northern Peninsula but do not maintain 
any lasting signal of introgression or gene flow. The contact 
zone probably occurs near the Gorontalo Fault which is a 
paleo-island and species boundary for several taxa (12). This 
suggests that, for both pairs, reproductive incompatibilities 

were strong enough by the time of contact to prevent exten-
sive introgression and establish stable parapatric boundaries. 
Future sampling of these putative hybrid zones will provide 
insights into the degree of reproductive isolation and addi-
tional evidence for the taxonomic status of these lineages.

	 •	� Sympatry and Associated Body Size Divergence: The three 
most divergent secondary contact pairs occur in sympatry, each 
involving the large-bodied E. macrophthalma and one of the 
three parapatric small-bodied E. rudis complex species. The 
introgression from E. macrophthalma into ENP was inferred to 
be substantial (γ ≈ 24 to 35%, 95% HPD for ϕ 5.6 to 14.3%) 
and caused major pathological issues for MSC analyses. This 
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Fig. 4.   The estimated timings of introgression events are concordant with secondary contact during the fusion of Sulawesi’s paleo-islands and the outcomes 
are associated with divergence time. (A) BPP MSC+I analysis found that the initial divergence of all lineages occurred before paleo-island fusion commenced, 
and that the timing of introgression events occurred near the time of island fusion. The RELEC dataset BPP analysis is displayed, but other datasets had similar 
age estimates. Divergence times are written at nodes with bars representing their 95% HPD intervals. For the three introgression events (Hyb1–3), 95% HPD 
intervals are displayed for introgression times and introgression coefficient. (B) Geographic summary of the history of hybridization. In chronological order, the 
first hybridization (Hyb1) occurred from large-bodied E. macrophthalma into ENP most likely on the Northern Peninsula as it fused. Hyb2 from SW + SE + E into 
West Sulawesi likely occurred on the Eastern Peninsula where there exists limited mitonuclear discordance. Hyb3 occurred from a ghost lineage to form the 
merged SW + SE + E lineage, likely as the SW peninsula fused. (C) Maps displaying the paleo-island history of Sulawesi (adapted from ref. 30), with key island 
fusion events associated with hybridization labeled. (D) Summary of the lineage history of the clade with sympatry, parapatry, and reversal events labeled. (E) 
For sun skinks, flying lizards, and macaques, divergence times before secondary contact form discrete intervals for each lineage process.
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hybridization was estimated to occur around 1.7 to 2.4 Ma and 
is likely associated with the rapid uplift of the northern penin-
sula by 2 Ma and eventual fusion by at least 1 Ma (30). Despite 
ancient hybridization between E. macrophthalma and ENP, 
contemporary gene flow appears absent, indicating the evolu-
tion of robust reproductive isolation. This sympatry is coupled 
with extreme body size divergence (Fig. 5). E. macrophthalma 
adults are on average >50 mm longer in snout–vent length 
(SVL) (mean 124.4 mm) than the sympatric E. rudis com-
plex species (mean=71.2 to 73.1 mm; p < 0.001) and ~5 times 
the body mass (mean = 49.0 g versus 10.6 to 11.4 g adult 
mass; p < 0.001). Genus-wide bifurcating (Fig. 5) and network 
(SI Appendix, Fig. S25) ancestral character reconstructions con-
sistently estimated an intermediately sized common ancestor, 
implying body size divergence occurred after lineage divergence.

Discussion

Outcomes of Secondary Contact. Collectively, the distinct 
outcomes of secondary contact—speciation reversal, parapatry, 
and sympatry—observed within a single radiation and correlated 
with divergence times estimated from robust genomic data 
provide empirical validation for the concept of divergence-
dependent tipping points along the speciation continuum. 
Crown divergences of other Sulawesi exemplar radiations of 
macaques and flying lizards (6.4 and 6.3 Ma) (12, 44) began at 
virtually the same estimated time as for sun skinks (6.7 Ma), but 
these radiations primarily established parapatry at paleo-island 
boundaries whereas the sun skinks display all three outcomes. 
Flying lizards do display three cases of lineage merger despite 

retention of deep mitochondrial structure, but two of these cases 
do not occur specifically at paleo-island boundaries (within the 
island’s Central Core), and they therefore could be the result of 
different isolating forces within the designated paleo-islands (12).

 To compare the speciation process across taxa, researchers often 
use metrics that quantify average pairwise genomic divergence to 
provide a snapshot of the current state of differentiation and its 
association with the present degree of reproductive isolation (e.g., 
extent of ongoing gene flow). Alternatively, divergence times, 
which are correlated with genetic divergence, can be used to esti-
mate the degree of divergence at a specific point in the past, such 
as at the time of secondary contact. Here, we focus on divergence 
times to compare the progression of speciation across taxa, since 
our historical biogeographic framework leverages outcomes of 
ancient geographic events leading to contact following strong iso-
lation. Because substitution rates vary among taxa, divergence 
times are not inherently reflective of the biological processes 
underlying speciation but instead provide a correlated timescale 
linking lineage history to secondary contact outcomes. By com-
paring the timings of secondary contact with those of Sulawesi 
macaques and flying lizards we found that the cases of reversal and 
sympatry in sun skinks occur at the youngest and oldest divergence 
times, respectively, consistent with thresholds for speciation out-
comes ( Fig. 4E  ). This first tipping point between speciation rever-
sal and progression (~1.2 Ma divergence time) aligns with studies 
in other taxa that have identified a sharp, sigmoidal relationship 
between genetic divergence and hybridization outcomes—where 
small increases in divergence across a narrow set of intermediate 
values initiates merger vs. progression ( 21   – 23 ). This threshold 
should not be interpreted as deterministic or as a universal rule 

A B

Fig. 5.   Body size evolution across the genus Eutropis and the focal Sulawesi clade. (A) The ancestral character estimation of maximum snout–vent length (SVL) 
across the genus indicates that large body size (≥140 mm) has only evolved in four species and the Sulawesi clade displays relatively wide variation across recent 
divergence. The average maximum SVL is indicated by the vertical dashed lines with the focal clade highlighted. (B) Magnified view of body size evolution in the 
Sulawesi clade with corresponding SVL distributions from our field collections. An intermediate sized ancestor is estimated to have diverged into the small and 
large-bodied lineages on Sulawesi. The intermediate-sized, allopatric Borneo lineage could have dispersed to that island before size displacement on Sulawesi 
occurred (see Discussion for details). The two inferred hybridization edges between extant lineages are displayed on the tree, but colors correspond to the same 
bifurcating genus-wide ancestral reconstruction on the left (see SI Appendix, Fig. S25 for network analysis). The three small-bodied Sulawesi lineages were not 
significantly different in size, but all other SVL comparisons were significant (P < <0.01). Displacement arrows illustrate deviations from the estimated ancestral 
maximum SVL of the highlighted species (vertical dashed line).

http://www.pnas.org/lookup/doi/10.1073/pnas.2514344122#supplementary-materials
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that may be used to, for example, delimit species, as any given 
empirical system may exhibit stochastic variation or group-specific 
idiosyncrasies that impact the shape of this relationship. Instead, 
our findings validate and extend a model for the progression of 
speciation that has been supported across broad taxonomic groups.

 Our results also hint at a possible second threshold from para-
patry to sympatry driven putatively by reinforcement (see 
﻿Discussion  below). However, more pairs of reproductively displaced 
sympatric species are needed to establish the shape of this curve 
and generality of this relationship across different groups. 
Nevertheless, our detailed findings within Sulawesi’s sun skinks 
provide a deeply resolved case study that lays foundational empir-
ical groundwork for understanding these divergence-dependent 
transitions. We encourage future research investigating the sun 
skink contact zones in more detail and exploring secondary contact 
outcomes in other radiations on Sulawesi and elsewhere shaped 
by island fusion events. Lineage pairs in other Sulawesi radiations 
with substantial sympatry, such as sphenomorphine skinks and 
﻿Limnonectes  frogs, offer promising systems to test whether these 
outcomes are more generalizable across taxa ( 38 ). If a divergence 
threshold between parapatry and sympatry exists, our data suggest 
it may not be as conserved across taxa as the first tipping point 
between reversal and progression. Several macaque and flying lizard 
pairs were pushed into secondary contact at a similar time as the 
oldest E. macrophthalma  pairs (4.3 to 5.3 Ma) yet became parap-
atric rather than sympatric ( Fig. 4E  ). Experimental speciation 
research has found that early reproductive isolation is often initi-
ated by adaptation to divergent environments before secondary 
contact ( 45 ). Sympatry may then be more achievable by taxa with 
greater plasticity or adaptive capacity for phenotypic divergence 
of reproductive traits before secondary contact, at which time 
reinforcement or divergent selection can promote further repro-
ductive isolation. This may explain differences in these “rules” 
across different taxonomic groups and why sun skinks achieved 
sympatry with substantial body size divergence.  

Reproductive Versus Ecological Character Displacement. 
Extreme size divergence following secondary contact of close 
relatives strongly implicates character displacement driving body 
size divergence, but distinguishing the relative roles of reproductive 
and ecological character displacement can be difficult. Reproductive 
character displacement requires that the selected trait impacts the 
probability of mating (16). No mating experiments have yet been 
conducted in this system, but the nearly two-fold body length 
and five-fold mass difference between E. macrophthalma and each 
of the three sympatric small-bodied lineages is more than twice 
what is needed to produce mechanical prezygotic reproductive 
incompatibility in other similarly sized scincid lizards with the 
same mating posture (46, 47). Selection then may have favored 
size divergence to prevent costly, maladaptive hybridization due to 
incompatibilities after secondary contact (16). As the now larger 
E. macrophthalma lineage expanded across the fusing Sulawesi, it 
could have imposed a similar selective pressure on other E. rudis 
complex lineages it encountered, driving them toward smaller sizes 
without leaving behind a signal of hybridization with those specific 
lineages. While ecological divergence and competition with other 
species on Sulawesi cannot be excluded from contributing to 
body size divergence (48), the reduced lizard fauna on Sulawesi 
(compared to Borneo) has no other large, terrestrial, heliothermic 
lizard competitors that we expect to compete with this group. 
The combination of ancient introgression and putative body-
sized-based mechanical reproductive incompatibility provide 
compelling support for reproductive interference as at least a 

partial driver of this dramatic phenotypic divergence. Specifically, 
E. macrophthalma and ENP must have been reproductively 
compatible at the initiation of secondary contact, as evidenced by 
substantial ancient hybridization, but subsequently evolved robust 
reproductive isolation given their current sympatric occurrence 
without contemporary gene flow. This trajectory, coupled with 
the extreme body size divergence that likely impedes interspecific 
mating, supports a scenario of character displacement facilitating 
sympatry. This is consistent with research showing that the 
probability of reinforcement increases with divergence (6, 18), and 
that sympatric speciation is most often aided by gene flow (49). 
It is remarkable that this sympatry with complete reproductive 
isolation could occur after such substantial introgression of up to 
20 to 35% of alleles, though this is not unprecedented (50, 51).

A Reverse Crossing of Wallace’s Line. Beyond Sulawesi, our 
phylogenomic analyses firmly indicate that the E. rudis lineage 
on Borneo is derived from within the Sulawesi radiation, and 
the mitochondrial data support it as originating via overwater 
dispersal from the SW Peninsula or southern Central Core 
(Fig. 4A). The genus-wide biogeographic model confirmed that 
this colonization occurred from Sulawesi to Borneo (SI Appendix, 
Fig. S21)—a reverse crossing of the famous Wallace’s Line (52). 
Wallace’s Line represents one of the planet’s most dramatic faunal 
boundaries, reflecting the deep-water separation between the 
Sunda continental shelf (Borneo) and Sulawesi (33), and our 
results indicate that sun skinks completed this journey at least 
twice. This finding challenges the assumption of unidirectional 
dispersal from Sundaland as a source into Wallacea (33), consistent 
with recent research that found Wallace’s Line to be permeable at 
early stages of divergence (34). Indeed, we found two narrowly 
divergent mitochondrial clades on Borneo, one of which was more 
closely related to SW Sulawesi (Fig. 2A). This suggests a possible 
third crossing, perhaps back to Sulawesi soon after Borneo was 
established.

Body Size Evolution Across Wallace’s Line. The body size evolution 
of this clade involves not only the nearly two-fold sympatric body 
length divergence on Sulawesi but also the intermediate size of the 
allopatric Borneo species. Borneo E. rudis exhibits an intermediate 
SVL nearly precisely between the size of the small Sulawesi sister 
lineage (SW + SE + E) and the large E. macrophthalma (Fig. 5). 
Intriguingly, this intermediate size is similar to the reconstructed 
ancestral SVL for the Sulawesi group. Several hypotheses could 
explain this pattern. The Borneo lineage might have experienced 
ecological character displacement upon colonizing the more 
diverse Sundaic lizard community and evolved larger body size 
from a small Sulawesi ancestor (16). For example, the small-bodied 
congener, Eutropis rugifera, is widespread across Borneo (53) and 
may exert competitive pressure favoring body size divergence. 
Alternatively, it could represent a release from the character 
displacement pressure exerted by E. macrophthalma on Sulawesi 
and a shifting optimum in allopatry (54). This is not supported 
by patterns on Sulawesi’s satellite islands, such as Selayer and the 
Togians, where E. macrophthalma has not yet been recorded and 
the SW + SE + E species is not noticeably different in size. A third 
compelling possibility relates to dispersal timing: if the dispersal 
to Borneo (ranging from 1.3 to 1.8 Ma across analyses) occurred 
before character displacement drove extreme size divergence 
in the source population on Sulawesi (potentially initiated by 
hybridization between E. macrophthalma and ENP around 2.3 
to 2.6 Ma on the Northern Peninsula but perhaps taking time to 
propagate to SW Sulawesi), then the Borneo population might 

http://www.pnas.org/lookup/doi/10.1073/pnas.2514344122#supplementary-materials
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simply retain the ancestral, intermediate phenotype. This is 
supported by the divergence time of the E. macrophthalma SW 
Peninsula population near the Borneo divergence time (1.4 to 1.5 
Ma; SI Appendix, Table S7), as well as the patterns of introgression, 
as E. macrophthalma most likely hybridized with ENP and diverged 
in size in that location before it encountered the other species with 
which it did not hybridize. Despite this moderate support for the 
hypothesis that Borneo dispersal occurred before size displacement, 
these alternative scenarios highlight the difficulty of confidently 
differentiating the large array of ecoevolutionary forces, such as 
community dynamics and reproductive interference, that shape 
phenotypic evolution (55).

Biogeographic Synthesis. The biogeographic history of this group 
has been partially obscured by range expansions, displacement, and 
gene flow, but key aspects are still clearly discernable. The ancestral 
area estimates from the clade-specific biogeographic analysis 
were ambiguous for key internal nodes (SI Appendix, Fig. S22), 
largely due to the widespread distributions of SW + SE + E and 
E. macrophthalma, which each span four to all six paleo-islands, 
and the relatively small species tree. Nonetheless, the tree topology 
and present-day distributions provide clues to the biogeographic 
history. The ENP lineage almost certainly originated via overwater 
dispersal to the ENP paleo-island prior to its fusion with the rest 
of the Northern Peninsula. At that time, the SW, SE, and E paleo-
islands were likely occupied by now-joined SW + SE + E lineages. 
This is further evidenced by the remaining mitochondrial structure 
within this species. The placement of the West Sulawesi and 
E. macrophthalma lineages suggests they occupied the Central Core 
(CC) and WNP, but their precise paleo-island origins remain unclear.

 If E. macrophthalma  was historically isolated on the WNP, this 
might explain the substantial IH with the ENP species during 
uplift of the NP but not with the other E. rudis  complex lineages. 
That first hybridization event may have triggered reproductive 
character displacement, potentially precluding future hybridiza-
tion with other sympatric taxa as E. macrophthalma  expanded its 
range. Conversely, if the West Sulawesi species was restricted to 
WNP, its hybridization with SW + SE + E would not have occurred 
until connection of the NP to the CC enabled gene flow. 
Alternatively, each of the lineages could have been isolated on 
smaller paleo-island components of the uplifting Northern 
Peninsula. The timing of introgression between West Sulawesi and 
SW + SE + E (2.7 to 3.0 Ma), coinciding with the uplift of the 
central land bridge, as well as the hybridization between E. mac-
rophthalma  with ENP, together provide limited support for the 
first scenario. For hybridization to occur at 3 Ma, the West 
Sulawesi lineage must have been present on the Central Core, and 
since E. macrophthalma  only hybridized with ENP, it was likely 
the first lineage it encountered—probably within or near ENP’s 
restricted range. In any case, the sequence of paleo-island fusions 
between 3 and 1 Ma aligns with the timing of the associated 
hybridization events (3.0 and 2.4 Ma) inferred from demographic 
modeling. The crown age of all the E. macrophthalma  subpopu-
lations ~1.9 Ma (SI Appendix, Table S7 ) is similar to the inferred 
timing of ancient hybridization in flying lizards at 1.85 Ma ( 12 ), 
which could also have been associated with the fusion of the NP 
with the CC.  

Reversed Versus Arrested Speciation. The final hybridization 
joined the SW + SE + E lineages and occurred from an unsampled 
ghost lineage possibly representing a recently diverged population 
on the SW peninsula—the last paleo-island to fuse with mainland 

Sulawesi. While the nuclear genomes of these lineages merged, 
the original SW mitochondrial lineage appears largely displaced. 
Only one individual at the peninsula’s southern tip retains a likely 
remnant of the ancestral SW mitochondria, suggesting contrasting 
outcomes for nuclear and mitochondrial genomes. As the paleo-
islands fused, the mitochondrial lineage from the southern central 
core may have spread south into the SW peninsula replacing the 
SW mitochondria as the nuclear genomes became admixed. This 
differs from flying lizards, where a deep mitochondrial break 
occurs within a peninsula despite what appears to be a near-
complete nuclear merger—a case of “arrested speciation” since 
the mitochondria will continue to diverge and could result in 
incompatibilities that eventually complete speciation (12). 
In contrast, sun skinks display what we consider speciation 
reversal or lineage fusion with an ongoing genomic merger and 
mitochondrial displacement, leaving no apparent reproductive 
barriers. This contrast showcases how similar geographic events 
can yield fundamentally different evolutionary outcomes and 
how the merging of lineages can obscure evolutionary history. 
That such processes are actively unfolding on Sulawesi today 
underscores the island’s value as a natural laboratory for studying 
speciation in action.

Methodological Considerations in Reticulate Evolution. This 
study also provides valuable insights into the challenges and 
opportunities of phylogenomic inference in the presence of 
hybridization. The failure of standard MSC analyses serves as 
a warning against relying solely on bifurcating models to infer 
backbone relationships, even when extensive genomic data recover 
strong statistical support. Explicitly testing for and generating 
phylogenetic networks are critical steps for accurate evolutionary 
inference. The performance of network inference methods can 
also be data dependent (see supplementary text for details). 
Widely used two-step (summary) maximum pseudolikelihood 
network inference only detected the substantial introgression 
from E. macrophthalma into ENP and was sensitive to data 
type. In contrast, one-step Bayesian network inference, despite 
being computationally intensive and requiring dataset reduction, 
provided robust results and inferred additional reticulations that 
matched other analyses. Our results suggest that loci maximizing 
phylogenetic information content to minimize gene tree estimation 
error and reduce the number of loci (e.g., RELEC, 41) may be 
particularly valuable for network inference.

Conclusions. The unique paleogeographic history of Sulawesi, 
marked by the amalgamation of an ancient archipelago into a single 
island, created an exceptional natural experiment for studying 
speciation. Our integrated analyses support theory that the 
outcomes of secondary contact—ranging from speciation reversal, 
to the formation of stable hybrid zones, to sympatric coexistence 
mediated by putative reproductive character displacement—are 
dictated by the degree of evolutionary divergence accumulated in 
isolation. Furthermore, our findings highlight the permeability 
of major biogeographic barriers like Wallace’s Line and the 
complex interplay of ecoevolutionary forces that shape phenotypes 
such as body size. Methodologically, our work underscores the 
importance of explicitly accounting for reticulate evolution to 
avoid erroneous conclusions when studying diversification history. 
By integrating paleogeography with genomics, these clear instances 
of secondary contact in Sulawesi’s sun skink radiation shed light 
on the fundamental evolutionary processes generating the planet’s 
biodiversity.

http://www.pnas.org/lookup/doi/10.1073/pnas.2514344122#supplementary-materials
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Materials and Methods

Mitochondrial Screening. We screened 191 samples of E. rudis for a single 
mitochondrial gene (ND2) using typical Sanger sequencing methods to develop 
a preliminary understanding of the major clades and to select samples spanning 
genetic diversity for target capture phylogenomics. We estimated a maximum 
likelihood tree using IQTREE v2.1.1 (56) with automatic model selection and 
partition merging for each of the three codon positions (57).

Sequence Capture. We generated phylogenomic data using target capture of 
thousands of nuclear loci (8.6 Mbp total) for 93 individuals spanning the clade, 
plus 2 outgroup samples of E. multifasciata. We prepared genomic Illumina librar-
ies and captured target sequences using 82,728,120 custom 120 bp probes. 
The probeset included rapidly evolving long exons (RELEC, 41), top performing 
ultraconserved elements (58), and additional filtered sets of exons and their 
flanking introns from phylogenetic studies on other skinks (59–61). RELEC loci 
are the centerpiece of our dataset as they maximize per-locus phylogenetic infor-
mation content while retaining orthology and alignability. We processed raw 
sequence data using the FrogCap pipeline (62) to assemble loci, call SNPs, and 
generate alignments. We divided the data into four groups of filtered datasets: 
1) 215 RELEC exons; 2) 970 UCEs filtered to include top performing loci; 3) 702 
PhyloExons filtered to the top performing loci from previous skink phylogenomic 
studies; and 4) 1529 introns (concatenated from each gene). See SI Appendix, 
Table S3 and Fig. S2 for dataset attribute comparison.

Summary MSC Analyses. We first built a summary MSC tree on the phylog-
enomic data to assess the major clades present in the data and compare to the 
mitochondrial tree. We estimated gene trees using RAxML v8.2.12 (63) under the 
GTRGAMMA model with 100 bootstrap replicates each. We summarized the gene 
trees using ASTRAL-HYBRID (64) which weights trees based on branch support 
on each of the four datasets separately and the combined set.

Population Structure and Assessment of Candidate Species. To assess levels 
of admixture and establish candidate species for coalescent species delimitation, we 
ran iterative population structure analyses using STRUCTURE v2.3.4 (65). We first ran 
these on the entire focal clade then iteratively on each designated population. Most 
analyses had between 2500 and 4000 SNPs (one biallelic SNP per locus), except 
the smallest dataset for the ENP clade with 1299 SNPs. We jointly used the results 
of STRUCTURE and ASTRAL to select candidate species, selecting six nonadmixed 
samples per candidate population for coalescent species delimitation.

Species Delimitation. We conducted multispecies coalescent species delimita-
tion using the Hierarchical Heuristic Species Delimitation (HHSD) v1.0.0 algorithm 
(42) under the MSC+M model (66, 67) on the RELEC dataset. HHSD accounts for 
migration between specified populations, providing a robust assessment of the 
genetic distinctiveness of candidate species (68). HHSD uses iterative runs of 
the program BPP on sequence alignments to calculate the genomic discordance 
index (GDI) which is used to either split or merge species from a guide tree at 
empirically derived thresholds [split: GDI ≥ 0.7, clearly distinct; merge: GDI ≥ 
0.2, ambiguously distinct; (69)]. We ran HHSD separately for E. macrophthalma 
and the E. rudis complex given the patterns of broad sympatry. We used a guide 
tree estimated by BPP A01 species tree inference on each clade separately (that 
matched the subsequent network backbone topology). We estimated migration 
rates in both directions between adjacent land-connected candidate species. We 
selected the more conservative split results in all but one case (Borneo) due to 
substantial body size divergence.

Introgression Detection by Gene Tree Quartets. We used the program 
Phytop (70) to detect signatures of introgression by assessing differences in the 
frequencies of discordant gene tree quartets at each node in the ASTRAL tree. 
Under ILS, the proportion of the two discordant quartets should be equal whereas 
IH will skew this ratio. The ILS index (ILS-i, 0 to 100%) estimates the degree of 
ILS at the node, and the IH index (IH-i, 0 to 50%) is the inheritance proportion. 
In ASTRAL, we mapped individuals to species using the delimitation result and 
ran Phytop separately on each of the four datasets.

Introgression Detection by Site-Pattern Frequencies. The ABBA-BABA test 
and associated F-branch test detect introgression by assessing whether there 
is an excess of shared alleles beyond expectations of ILS. We used the Dtrios 

command in the package Dsuite (71) to estimate Patterson’s D statistic and F4 
admixture ratios, and used the mitochondrial and Bayesian network backbone 
topology as the guide tree for the F-branch test. We used all 1,318,846 biallelic 
SNPs across all loci.

Phylogenomic Network Inference. We performed two-step (summary) max-
imum pseudolikelihood network inference on all four data types and one-step 
Bayesian network inference on the RELEC data only due to computational limits. 
Fully parameterized Bayesian phylogenetic inference methods that coestimate 
gene trees and species trees directly from the sequence data are considered 
more robust than two-step methods, but they are computationally intensive. 
Two-step network inference is relatively fast but uses separately estimated 
gene trees which can create biases and limitations. We employed SNaQ in 
PhyloNetworks (72) and InferNetwork_MPL in PhyloNet (73) for two-step pseu-
dolikelihood inference using the RAxML gene trees increasing the maximum 
number of allowed hybridization edges (Hmax) from 0 to 5. We employed 
MCMC_SEQ in PhyloNet (73) for one-step Bayesian inference, pruning our 
dataset to 2 individuals per species, with Hmax from 1 to 4. Only the RELEC 
dataset converged.

Bayesian Test for Introgression. We validated the PhyloNet_MCMCseq model 
with three introgression events by approximating the Bayes Factor (BF) on the 
phi parameters using the Savage–Dickey density ratio (74) using BPP v4.8.0 
(75). We used the RELEC dataset for testing with a threshold of 0.01. We tested 
the inferred three introgression event model, and after finding all introgression 
events to be strongly supported, we tested introgression events on top of this 
base model in either direction between all sympatric and parapatric lineages. No 
other introgression events were supported by BF.

Demographic Analyses. We implemented demographic MSC+I analyses in 
BPP to estimate divergence times and population sizes on the validated three-
introgression network topology. We ran BPP separately on each of the four data-
sets using six individuals per species and reduced the larger datasets to a random 
500 loci to facilitate convergence. We converted coalescence times to divergence 
times by assuming a mutation rate of 1 × 10−9 substitutions per site per lineage 
per year, a common conversion in lizards (76) that is consistent with germ-line 
mutation rates across squamates (77).

Biogeography and Body Size Evolution. We built a genus-wide, species-level 
supermatrix phylogeny to reconstruct the biogeographic history and evolution of 
body size of the Sulawesi clade within the context of the entire genus. We used 
SuperCRUNCH (78) to generate an alignment from GenBank of 3 mitochondrial 
and 17 nuclear genes containing 32 of the 48 presently described species and 
integrated representative mitochondrial and target capture data from each of our 
delimited species. We estimated divergence times with BEAST v2.7.7 (79) using 
a molecular calibration on each mitochondrial gene, and secondary calibrations 
both on the root based on a subfamily-wide study (80), and on internal nodes 
of the Sulawesi clade based on our demographic modeling.

We modeled the biogeographic history using BioGeoBEARS v1.1.3 (81) speci-
fying five geographic regions for the genus-wide analysis corresponding to major 
Southeast Asian biogeographic regions (Sulawesi as one region). We also ran a 
time-stratified analysis across the focal clade with separate geographic regions 
for each Sulawesi paleo-island, but there was insufficient signal in this reduced 
species tree to strongly support most ancestral areas.

We modeled the evolution of body size across the genus to estimate the ances-
tral size of the rudis–macrophthalma ancestor before body size divergence. We 
used the maximum SVL of described species primarily from Squambase v1.0 (82) 
and gathered adult body size data for the focal clade from our field collections. We 
ran two separate ancestral character estimation analyses on these data modeling 
state changes using Brownian motion, one on the bifurcating topology using 
phytools v.2.3 (83) and one on the network topology using PhyloTraits (84) by 
manually joining the two nonghost hybrid edges. We compared the adult size 
distributions in the focal clade with ANOVA and Tukey’s test.

Data, Materials, and Software Availability. Data files are available on Zenodo 
(85). Raw nuclear sequence data are deposited on the NCBI SRA database (86). 
Mitochondrial sequence data are deposited on the NCBI nucleotide database 
(SI Appendix, Table S1).
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