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ABSTRACT

Rapid insect radiations are a severe test of phylogenomic inference because large genomic
matrices can yield strongly supported species-tree hypotheses while retaining extensive conflict
among genes, sites, marker classes, or analytical models. This methodological review evaluates
how taxon sampling, locus selection, missing data, orthology assessment, paralogy, gene-tree
estimation, model choice, and introgression-aware analyses jointly condition interpretation of
discordance. Evidence from aphids, alpine butterflies, cicadas, leafhoppers, sawflies, tephritid
flies, hymenopterans, and broader methodological studies indicates that no single diagnostic
resolves all short-internode radiations. The central synthesis proposed here is a design-
conditional interpretation of discordance: biological explanations should be considered only
after plausible pipeline-generated contributions have been stress-tested. In this view, support
values summarize confidence under a specified analysis but do not by themselves distinguish
incomplete lineage sorting, gene flow, hidden paralogy, missingness, model misspecification,
or gene-tree error. Robust phylogenomic inference therefore depends on the stability of
conclusions across defensible sampling and model perturbations and on concordance among
evidence classes that make different assumptions. This approach preserves uncertainty where
historical processes remain statistically non-identifiable and avoids treating a single preferred
topology as complete resolution of a rapid radiation.
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Rapid diversification compresses successive lineage splits into short intervals, leaving limited opportunity for
ancestral polymorphisms to sort and creating phylogenetic histories in which many loci need not share the same
genealogy. Insects provide particularly revealing examples because dense genomic sampling has not removed
conflict from several radiations. Aphid phylogenomics recovered deep relationships from thousands of
orthologues yet retained strong gene-tree discordance, evidence of introgression, and branches compatible with
an anomaly-zone setting; alpine Parnassius butterflies showed extensive discordance largely consistent with
incomplete lineage sorting; and New Zealand cicadas combined improved nuclear resolution with persistent mito-
nuclear incongruence [1-3]. These studies establish that genome scale and high branch support are not

synonymous with genealogical unanimity.
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The interpretive difficulty is sharpened by whole-genome work in Neodiprion sawflies. Local concordance varied
with informative-site content, missingness, GC composition, gene density, recombination-related variables, and
introgression signals, demonstrating that properties of the data and properties of the evolutionary history can
covary within the same radiation [4]. Such associations do not identify a single causal mechanism. They instead
show why a discordant species-tree problem is also a design problem: observed conflict is filtered through which
taxa were sampled, which loci were retained, how orthology was defined, how gene trees were estimated, and
which species-history model was imposed.

This review therefore treats discordance as an inferential state rather than a diagnosis. The proposed synthesis
separates three questions that are often collapsed: whether genomic evidence is internally heterogeneous, whether
analytical choices amplify or suppress that heterogeneity, and which historical process best explains the residual
pattern. The scope is methodological rather than taxonomically revisionary. The objective is not to identify a
universally optimal pipeline, but to specify where conclusions about rapidly diversifying insect lineages become
conditional on sampling design and model choice.

Taxon sampling

Taxon sampling affects both the biological representation of a radiation and the statistical context in which short
branches are estimated. In Deltocephalinae, an anchored-hybrid-enrichment study comprising 730 terminals and
a large character matrix resolved many relationships that had remained difficult, yet the shortest internal branches
still showed conflict across analyses [5]. Dense sampling can therefore improve resolution without erasing a
genuinely difficult diversification interval. This distinction matters because “more taxa” is not equivalent to “all
lineages relevant to an ancestral diversification event have been represented.”

Broad hymenopteran studies make a related point at deeper timescales. Ultraconserved-element analyses of
aculeate wasps, ants, and bees showed that the configuration of ingroup and outgroup representation can affect
difficult deep placements [6], while a large phylogenomic analysis of Hymenoptera demonstrated the resolving
power of extensive taxon and gene coverage across the order [7]. These studies support strategic breadth, but
neither establishes a universal minimum taxon number for rapid radiations.

Near-complete sampling in a non-insect radiation clarifies another methodological boundary. In parrots, extensive
taxonomic coverage still left gene-tree conflict that could be separated probabilistically into artifactual and
biological components using information and noise diagnostics [8]. Its biological details cannot be transferred
directly to insects, but its methodological lesson is relevant: taxonomic completeness does not make gene-tree
estimation error disappear. For insect radiations, sampling adequacy should therefore be evaluated by
representation of lineages bearing on contested internodes, outgroup adequacy, and sensitivity of focal
relationships to taxon addition or removal rather than by raw species count alone.

Locus sampling

Locus sampling determines how much phylogenetic information is available and which genomic histories are
allowed to contribute. In the Anastrepha fraterculus species complex, locus-resampling analyses showed that a
comparatively small subset could reproduce much of the resolution obtained from the larger genomic dataset [9].
The result demonstrates diminishing information gains in that particular system, not a general locus threshold for
insect phylogenomics. Rapid radiations differ in internode duration, recombination history, sequence variability,
and gene-flow history, so an empirically adequate locus set in one clade may be inadequate in another.

Data provenance also constrains the available marker set. A Sternorrhyncha analysis using ultraconserved
elements extracted from genomic and transcriptomic resources found marked differences in locus recovery
between the two source types [10]. Thus, “locus number” is partly a property of sampling technology and data
availability rather than simply an investigator-selected parameter. Anchored phylogenomic work in Lepidoptera
similarly demonstrated that capture, assembly, contamination control, orthology assessment, and alignment are
linked stages determining the matrix eventually presented to tree inference [11].

The multispecies coalescent adds a further conceptual requirement: a physical gene or captured region is not
automatically an independent coalescent unit. Recombination can make a long region genealogically
heterogeneous, whereas linkage can reduce effective independence among nominal loci [12]. Locus design should
therefore be justified by information content and genealogical assumptions together. The proposed implication is
to replace a simple “more loci are better” rule with a sensitivity question: does the focal relationship persist across
defensible locus definitions, information filters, and subsampling regimes?
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Missing data

Missing data influence phylogenomic inference through their distribution, association with informative sites, and
interaction with model behavior. Work on deep eukaryote phylogeny showed that site-specific mixture models
can be sensitive to missingness when influential outliers and mosaic signal are present [13]. Although that example
is outside insects, it demonstrates why a fixed percentage-completeness threshold has no general statistical
meaning.

Lepidopteran phylogenomics provides a more direct entomological boundary. Reanalysis of a difficult butterfly-
and-moth backbone found that alternative data formulations, including nucleotide versus amino-acid treatment
and different modeling choices, did not uniformly remove conflict [14]. Missingness therefore cannot be evaluated
independently of composition, model adequacy, and gene-tree estimation. In Neodiprion, genomic windows with
lower missingness tended to show greater site concordance, but missingness covaried with other genomic features,
so the association cannot be converted into a causal claim [4].

For rapidly diversifying insects, the useful question is not whether missing data are present, but whether
missingness is structured around particular taxa, loci, or contested branches and whether conclusions change when
that structure is perturbed. The same nominal amount of missingness can consequently have different inferential
meanings; Table 1 distinguishes these configurations without assigning an unsupported completeness score.

Table 1. Missing-data configurations that alter the interpretation of discordance in insect phylogenomics

Taxonomic with observed basis Consequence for inference Interpretive limit and decisive check
Diffuse incompleteness

Evidence-supported synthesis

Broad multilocus matrices May reduce usable information ~ Effect depends on retained signal and model
Missing cells dispersed across taxa without selectively targeting behavior
and loci one contested branch Compare full and occupancy-filtered matrices

Lineage-structured missingness
Proposed diagnostic category

Absence may reflect source data, sequence
underrepresentt_ed lineage and alter adjacent short divergence, or capture failure _
Recurrent locus absence in the same internodes Perturb taxon occupancy and examine
lineage topology stability
Locus-structured missingness
Evidence-supported synthesis

Particular taxa or clades repeatedly Can weaken placement of that

Marker classes or source types differ

in recovery Changes which genomic Recovery rate is not equivalent to locus
Unequal recovery amond loci or histories contribute to species- reliability
u \Y i N .
q y g tree estimation Repeat inference across locus-recovery classes

genomic versus transcriptomic inputs

Missingness coupled to low information
Evidence-supported synthesis

Windows or loci carrying few

informative sites Apparent conflict may partly COVﬁI-’Ia'[IOI’I dc_;es not establish c?us.atlon
Reduced informati dl reflect difficult gene-tree Model information content and missingness
educed information and lower estimation jointly

concordance occur together

Model-sensitive missingness
Evidence-supported synthesis

Matrices containing influential sites,
mosaics, or compositional
heterogeneity

Topology changes across data
treatments or model classes

Demonstrated effects are dataset-specific

Compare defensible model and filtering
alternatives before biological attribution

Missingness can participate in
model-dependent instability

Orthology and paralogs

Orthology errors are especially consequential in rapid radiations because a confidently estimated gene tree can
still represent the wrong correspondence among duplicated gene copies. Empirical work on complex target-
capture data has shown that artifactual orthologues can arise through differential assembly and produce substantial
topological heterogeneity [15]. The relevant lesson is not that target capture is intrinsically unreliable, but that
single-copy appearance after assembly is not proof of evolutionary orthology.

Conversely, paralogy is not uniformly fatal to species-tree estimation. Simulation and empirical analyses found
that some methods designed for incomplete lineage sorting can remain robust under specified levels and patterns
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of paralogy [16]. The effect of pseudo-orthologues likewise depends on the history of duplication, loss, and lineage
sorting rather than following a single direction [17]. These findings argue against an indiscriminate “discard every
multicopy locus” rule.

Several methods make that conditionality explicit. OrthoFinder uses gene-tree-aware orthology inference rather
than sequence similarity alone [18]. ASTRAL-Pro extends quartet-based species-tree inference to multicopy gene
trees [19]. GeneRax models gene-family histories under duplication, transfer, and loss while accounting for a
species tree [20], whereas SpeciesRax estimates species trees directly from gene families under a related
reconciliation framework [21]. These methods do not collectively solve every source of phylogenomic
discordance, particularly introgression or severe gene-tree error, but they widen the admissible analytical space
beyond strict single-copy filtering.

The central proposed distinction is therefore among sequence acquisition, copy-history interpretation, and species-
history inference. These stages are temporally ordered but analytically recursive: an early orthology decision
determines which genealogies survive into later coalescent or concatenation analyses, whereas downstream
instability can justify renewed inspection of suspicious gene families. Figure 1 makes this dependency explicit
while maintaining a boundary between copy-history uncertainty and biological interpretation of species-tree
conflict.
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Figure 1. Copy-history uncertainty propagates through locus admission before species-tree discordance can
be interpreted

Gene-tree discordance

Gene-tree discordance is the observable distribution of conflicting genealogical signal; it is not itself a mechanism.
Rate heterogeneity among lineages can reduce agreement between estimated gene trees and species trees, adding
an analytical contribution to conflict that can coexist with genuine biological heterogeneity [22]. Quartet-based
concordance analysis provides a complementary perspective by asking whether observed discordance lies within
expectations under a multispecies coalescent model. Deviations can indicate model inadequacy, estimation error,
or reticulation, but they are not uniquely diagnostic of introgression [23].

Locus-wise likelihood comparisons further show why aggregate branch support is insufficient. Different loci can
provide sharply different relative support for competing topologies even when a preferred species-tree branch has
high overall support [24]. Conflict should consequently be represented as a distribution of evidence rather than
collapsed into a binary resolved/unresolved label. Its consequences also extend beyond topology: incongruence
between gene-tree and species-tree histories can bias divergence-time estimation when dating analyses condition
on an inappropriate topology [25].

The proposed diagnostic interpretation distinguishes four analytically useful states: conflict compatible with
expected lineage sorting; conflict dominated by weak or unstable gene-tree estimation; conflict structured around
particular genomic or sampling properties; and residual conflict that persists after those analytical alternatives
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have been challenged. These states are neither mutually exclusive biological mechanisms nor a certainty scale.
Instead, they specify why superficially similar patterns of disagreement can justify different next analyses.
Because identical-looking tree disagreement can arise under different conditions, the principal failure modes and
their discriminating tests are more efficiently separated in a conditionality matrix than in a linear narrative.

Table 2. Conditional interpretations of gene-tree discordance and the failure modes that can mimic historical
conflict

Discordance state
with evidential

Interpretation consequence, failure mode or competing Analytical setting with observed

explanation, and discriminating test . basis
standing
Compatible with substantial ancestral lineage sorting Short-internode Rapid radiation with many alternative
Gene-tree error can produce a similar distribution concordance deficit gene histories
Compare concordance with multispecies-coalescent Evidence-supported Low concordance concentrated around
expectations and gene-tree quality synthesis brief successive splits

Loci or genomic windows carrying

Part of the species-tree conflict may be analytical Information-limited s -
. o . - weak phylogenetic information
Rate heterogeneity, missingness, or inadequate discordance . . .
P . Conflict associated with low
optimization Evidence-supported . S
. . . . - informative-site content or unstable
Re-estimate after information and search perturbations synthesis gene trees
Indicates heterogeneous genealogical or estimation .
it Genomically . . .
conditions structured Conflict varies systematically among

genomic regions

Concordance covaries with genomic
properties or marker classes

Recombination, introgression, composition, or
structured missingness

Test predictors jointly and avoid single-variable causal

discordance
Evidence-supported

attribution synthesis
Demonstrates that one marker class does not capture
the entire history Marker-class Nuclear and mitochondrial histories
Introgression, lineage sorting, lineage-specific discordance disagree
transmission history, or estimation error Evidence-supported Strong but incompatible marker-
Compare independent nuclear evidence and explicit synthesis specific topologies
historical models
Justifies escalation to richer historical models rather . . . .
than declaring complete resolution Residual discordance Preferred rela'glonshlp persists \{vhlle
. . - gene/locus disagreement survives
Unsampled lineages and unmodeled heterogeneity after pertu.rbatlon. defensible reanalysis
remain possible Proposed diagnostic Stable focal topology with persistent
Evaluate coalescent fit and introgression-aware category Po1ogy P

- underlying conflict
alternatives

Coalescent and concatenation models

Concatenation and multispecies-coalescent approaches answer related but non-identical questions. Concatenation
treats aligned sites as contributing to a common topology under the selected sequence model, whereas
multispecies-coalescent approaches explicitly allow gene histories to differ through ancestral lineage sorting. A
broad comparison across phylogenomic datasets found that multispecies-coalescent models frequently provided
a better account of heterogeneous gene histories than concatenation, but the result does not establish that a
coalescent analysis is universally preferable for every dataset or branch [26]. Model adequacy depends on whether
discordance is sufficiently represented by the evolutionary process assumed.

Summary coalescent methods also inherit uncertainty from their input gene trees. ASTRAL-III permits scalable
inference from partially resolved gene trees, but simulation and empirical analyses show that input resolution and
estimation quality affect downstream performance [27]. Consequently, a strongly supported summary species tree
is not independent confirmation of the gene trees from which it was constructed. In rapid insect radiations, this
dependency is important because precisely those short internodes that motivate coalescent analysis can also
produce weakly estimated gene histories.

A single topology across all sites need not be the only alternative. Mixture-across-sites-and-trees models allow
different subsets of sites to support distinct topological histories [28]. Such models can better represent
heterogeneous genomic signal, but topological mixture alone does not identify the underlying biological process.
Likewise, modern maximum-likelihood implementations provide extensive model, support, and search options
[29], while automated substitution-model selection can identify a better-supported member of a specified



Petrov et al.,

candidate set [30]. Neither procedure eliminates the possibility that the chosen model remains biologically
incomplete.

Model comparison should therefore be conditional rather than hierarchical. Concatenation can reveal a dominant
genome-wide signal; coalescent approaches can represent incomplete lineage sorting; and topology-mixture
methods can accommodate site-level heterogeneity. Agreement across these analyses strengthens the stability of
a relationship under different assumptions. Disagreement is more informative when it is treated as a diagnostic
outcome requiring explanation rather than as a contest settled by whichever analysis returns the highest nominal
support.

Introgression-aware methods

The multispecies coalescent usually assumes that lineages diverge without subsequent gene flow unless migration
or hybridization is represented explicitly. Simulation work demonstrates that gene flow can alter coalescent-based
species-tree inference, with the magnitude and direction of the effect depending on its timing and configuration
[31]. Thus, discordance exceeding expectations under a no-gene-flow model is a reason to consider reticulation,
not evidence that reticulation has already been demonstrated.

Explicit introgression models illustrate the additional information needed. Full-likelihood analysis of the
Heliconius erato—sara group reconstructed a complex divergence history by comparing models that incorporated
gene flow rather than relying only on a bifurcating species tree. At the same time, methodological analyses show
that unsampled or extinct “ghost” lineages can change the interpretation of introgression statistics and can
influence coalescent estimates of topology or divergence time [32-34]. These findings place taxon sampling
directly inside introgression inference: a significant site-pattern statistic need not uniquely identify the sampled
donor, recipient, or historical event.

Introgression-aware analysis should therefore combine several evidence classes whose assumptions differ. Site-
pattern asymmetry can identify departures from a simple bifurcating expectation; explicit coalescent-with-gene-
flow models can compare historical scenarios; topology mixtures or networks can represent heterogeneous
genealogical histories; and genomic localization can test whether discordance is distributed in a pattern compatible
with particular histories. None of these signals is uniquely diagnostic in isolation. Incomplete lineage sorting,
gene-tree error, hidden paralogy, model misspecification, recombination, and unsampled lineages remain
competing explanations whose plausibility depends on the dataset.

The proposed interpretive boundary is consequently stringent: gene flow becomes a preferred historical
explanation only when evidence remains structured after sampling, orthology, gene-tree quality, and no-gene-
flow model adequacy have been challenged and when multiple introgression-sensitive analyses converge without
requiring mutually incompatible histories. Table 3 separates these inferential states because the same nominal
“introgression signal” can imply different evidential obligations.

Table 3. Introgression-aware evidence states and the historical inferences they can and cannot sustain

Consequence for inference, principal boundary
or failure mode, and required test or cross-

Introgression-aware stat with Process hypothesis addre with

evidential standing observed basis
check
Gene flow relative to a simple Motivates reticulation testing
. bifurcating histor i i
Site-pattern asymmetry g y Ghost lineages, ance_stral ;tructure, sampling
Evidence-supported synthesis Sampled taxon quartets or related configuration
configurations Evaluate alternative taxon configurations and
Excess allele-pattern asymmetry unsampled-lineage scenarios
Divergence accompanied by
migration or introgression Supports a reticulate history under tested models
Coalescent model Exolicitl terized li Mi ified direction. timi issing i
improvement with gene flow xplici ypa;]rizggerzigglze ineage isspecified direc |o-n, |rr.1|ng,.or missing lineage
Evidence-supported synthesis _ Compare competing hl_storlcal models and
Gene-flow model fits data better parameterizations

than a corresponding no-flow model

Different genomic subsets support Demonstrates heterogeneous genealogical signal

Topology-mixture alternative histories . : Ir

concentration Recombining genomic data (I\:/leture ctan azlse f;om ILS _or est_ltrr?atlor errort

Evidence-supported synthesis Recurrent support for more than one ompare topofogy Trequencies with coalescen
topology expectations and gene-tree quality
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Introgression affecting restricted Can strengthen a localized gene-flow
. . genomic regions interpretation
Spatially structured genomic . . . .
discordance Genome-scale windows or locus Selection, recombination, missingness, or
Evidence-supported svnthesis classes information content may covary
PP y Discordance clustered rather than Model genomic predictors jointly and test
uniformly distributed alternative processes
Reticulation involving an unsampled
L . or extinct lineage Weakens unique donor—recipient attribution
Ghost-sensitive introgression . i S
signal Incomplete taxon sampling Non-identifiability of the historical source
Evidence-supported synthesis Statistic chgnges mterpretat_lon under  Expand sampling w_here possible and compare
alternative unsampled-lineage ghost-lineage models
scenarios

Conflict persists after analytical

. Permits a stronger, still model-bounded
alternatives are stress-tested

introgression interpretation

Residual convergent Rapid radiation with stable sampling Unmodeled extinct lineages or processes remain
reticulation evidence and orthology results possigble p
Proposed evidential state Multiple assumption-distinct : ;
; Require convergence across independent
analyses favor compatible gene-flow di ;
histories lagnostics

Because introgression inference crosses a boundary from observed genomic heterogeneity to an historical process
claim, its evidential dependencies are represented explicitly in Figure 2 rather than as a direct arrow from
discordance to hybridization.
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Figure 2. Historical gene-flow inference is bounded by analytical adequacy and unsampled-lineage
uncertainty

Sensitivity and robustness

Robustness is not equivalent to repeatedly obtaining a high support value under nearly identical settings. Even the
numerical optimization used to estimate gene trees can matter. A large evaluation of maximum-likelihood tree
searching showed that increasing the number of searches could change estimated gene trees and, in some empirical
datasets, alter downstream species-tree inference [35]. Search effort is therefore part of the analytical design rather
than an invisible computational detail.

For rapid insect radiations, sensitivity analysis should perturb choices that plausibly affect the contested
internodes: taxon representation, locus occupancy, locus definition, orthology treatment, gene-tree search effort,
substitution models, filtering, coalescent versus concatenation assumptions, and introgression-aware alternatives.
These perturbations are not equally relevant in every dataset. A relationship that moves only when poorly



Petrov et al.,

supported loci are included poses a different problem from one that reverses under reasonable taxon additions or
under equally defensible evolutionary models.

The proposed criterion is interpretive robustness: a conclusion is stronger when both the focal relationship and
the explanation assigned to its discordance remain compatible across defensible analytical alternatives.
Topological stability without mechanistic stability should be reported as such. Conversely, persistent instability
is itself information about the limits of the available data rather than a defect that must be hidden by selecting one
preferred pipeline.

Recommended analytical workflow

A useful precedent for resolving heterogeneous phylogenomic signal comes from multi-method analyses that
combine gene-tree, species-tree, site-pattern, network, syntenic, and simulation evidence rather than attributing
discordance from one diagnostic alone [36]. Transferring that principle to insects supports a proposed workflow
organized around successive questions rather than a fixed software recipe.

First, define the historical question and contested internodes before maximizing data volume. Sampling should
then be tested for representation of relevant lineages, outgroups, and marker classes. Second, establish locus
admissibility by examining information content, missingness, independence assumptions, orthology, and
multicopy history. Third, evaluate gene-tree quality and characterize discordance as a distribution across loci,
sites, and genomic regions rather than as a single support statistic.

Only after these checks should species-history models be compared. Concatenation, coalescent summaries,
topology mixtures, and explicit gene-flow models should be interpreted according to the processes each can and
cannot represent. If discordance remains concentrated or systematically exceeds expectations under a no-gene-
flow coalescent, introgression-aware analyses become warranted. Their interpretation should remain conditional
on ghost lineages, ancestral structure, recombination, and sampling incompleteness.

Finally, the complete analysis should be perturbed across a small set of scientifically defensible alternatives
chosen before interpretive preference is known. The manuscript's proposed decision rule is therefore qualitative:
do not escalate a biological explanation merely because an analytical method can produce it; escalate when simpler
analytical explanations have been challenged and assumption-distinct evidence converges. Where topology is
stable but process attribution is not, report the topology and uncertainty separately. Where both topology and
process remain unstable, the defensible outcome is unresolved history rather than forced resolution.

This workflow is not a universal algorithm and has not been prospectively validated across insect radiations. Its
purpose is to make inferential dependencies explicit, preserve discordance as evidence rather than nuisance, and
expose where additional taxa, loci, genomic resources, or alternative evolutionary models could actually change
interpretation.

Conclusion

Rapidly diversifying insect lineages expose a central limitation of genome-scale phylogenetics: more sequence
data can sharpen support without uniquely identifying species history or the process that generated discordance.
Taxon representation, locus definition, missingness, orthology, paralogy, gene-tree estimation, and model
assumptions all shape the conflict presented to downstream inference.

The principal contribution of this review is a proposed design-conditional interpretation of phylogenomic
discordance. Under this view, incomplete lineage sorting, introgression, or another historical process should not
be assigned directly from disagreement among trees. Analytical sources of discordance should first be challenged,
competing species-history models should then be compared according to their assumptions, and historical
interpretation should strengthen only when independent evidence classes converge.

This approach does not promise a universally resolved tree. Its more defensible objective is to distinguish
relationships that are stable under reasonable analytical perturbation from those whose topology or historical
explanation remains conditional. For rapid insect radiations, explicitly preserving that boundary between observed
genomic conflict and inferred evolutionary history is itself an improvement in phylogenomic inference.
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