bioRxiv preprint doi: https://doi.org/10.64898/2026.05.31.729127; this version posted July 5, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY 4.0 International license.

Where the tree of life is empirically resolved, and
where it is not: an open atlas of species-level
phylogenies and their archival uncertainty

Francisco Richter! ORCID

Universita della Svizzera italiana (USI), Lugano, Switzerland

= richtf@usi.ch

Comparative and macroevolutionary biology depends on knowing two things at once: where the species-level tree of life is empirically
resolved, and where it is not. Yet the phylogenies that anchor downstream inference are routinely treated as fixed inputs, even though their
empirical substrate is heterogeneous in ways that vanish once a tree is downloaded. Trees differ in inference framework, in dating regime,
and in the balance between species supported by direct molecular data and species inserted by taxonomic constraint. They also differ in
whether per-node uncertainty estimated during inference survives the path from primary analysis to deposited derivative. These choices
accumulate silently into cross-clade analyses, and no existing resource maps the current state of phylogenetic knowledge uniformly across
Bacteria, Archaea, and Eukaryota.

We offer a starting point: a first systematic inventory of what is, and is not, empirically resolved. We assemble an atlas of 264 species-level
phylogenies, mapped onto a single global species dictionary of roughly 637,000 labels and organised into 62 partitions of described
biodiversity, with 36 further partitions explicitly retained as unrepresented so that phylogenetic dark matter remains visible at the same
resolution as the represented clades. For every canonical tree, a per-tree provenance ledger records inference framework, dating regime, the
fraction of tips anchored in molecules rather than in taxonomy, and an audit of how much inferred uncertainty survived deposition; an
explicit sensitivity envelope of inclusion criteria, from permissive to strictest, brackets every coverage statement against its own auditable
rule. Because knowledge of the tree of life is itself moving, the atlas is released as a versioned, continuously updated resource through
the companion R package phyloatlas and a per-partition wiki, so that downstream comparative analyses can propagate provenance and

inclusion-criterion uncertainty into their own inferences rather than silently committing to one set of choices.

Introduction

Phylogenetic trees are the organizing principle of comparative
biology. From estimating diversification rates ' to prioritiz-
ing species for conservation?, from reconstructing ancestral
traits> to understanding biogeographic patterns®, nearly every
macroevolutionary question depends on having a species-level
phylogeny. Over the past two decades the number of molecu-
lar phylogenies has grown rapidly, driven by high-throughput
sequencing and improved phylogenomic methods?.

Yet despite this progress, the body of available phyloge-
netic data is heterogeneous in ways that constrain its use as a
comparative substrate. Trees vary in their inference frame-
work (Sanger supermatrices, ultraconserved-element and
anchored-hybrid-enrichment phylogenomics, transcriptome-
based multi-species coalescent inference, supertree aggrega-
tion) and in their dating regime (Bayesian relaxed-clock meth-
ods, penalised likelihood with treePL, compiled published
chronograms re-dating, fossilised birth-death tip-dating, or no
time calibration at all). They also vary in the balance between
species with direct molecular sequence support and species
inserted through taxonomic constraints or synthesis-pipeline
grafting, a difference that is consequential for downstream
comparative inference but is rarely visible in the partial, non-
standardised metadata that researchers actually pull together
when assembling trees from multiple sources for analysis.
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The same trees are deposited under inconsistent archival
conventions: per-node uncertainty (HPD intervals, posterior
samples, bootstrap replicates) is preserved in some derivatives
and flattened to a point estimate in others, with little relation-
ship to the original analysis. Species labels are reconciled
against different taxonomic backbones (Catalogue of Life,
GBIF, NCBI Taxonomy, ITIS, clade-specific authorities), so
the same name does not always resolve to the same concept
across studies. The practical consequence is that researchers
running cross-clade comparative analyses must either trust
opaque provenance or assemble the relevant per-tree details by
hand from primary sources. Existing infrastructure addresses
individual axes of this heterogeneity. The Open Tree of Life®
provides a single global synthesis of ~2.4 million tips but at
the cost of replacing ~93% of tips with taxonomic descent
rather than empirical phylogenetic input. TreeBASE’ and
TreeHub® archive published trees, through voluntary author
deposit or automated literature extraction, but do not curate
clade-level representatives or expose comparable per-tree
provenance. VertLife” curates phylogenies for tetrapods but
does not extend to plants, invertebrates, or microbes. What
is missing is a coordinated cross-kingdom view in which
every retained tree’s inference framework, dating regime,
taxonomic-placement fraction, and archival-uncertainty sta-
tus are documented uniformly and side by side.
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Here we present an open, standardised atlas of empirical
species-level phylogenies that takes this heterogeneity as
its starting point. Each retained tree is curated, mapped
to a global species dictionary, and annotated with per-tree
provenance: inference framework, dating regime, the fraction
of tips with direct molecular sequence support versus tips
placed by taxonomic constraint or synthesis-pipeline grafting,
and the archival status of per-node uncertainty in the deposited
file. The atlas distinguishes three kinds of species at the tip
level. Molecular tips are species with direct molecular
phylogenetic support: a tip backed by sequence data in the
source study. Taxonomic tips are species present in atlas
trees but placed by taxonomic constraint or synthesis-pipeline
grafting: a tip inferred from the catalogue rather than the data.
Unrepresented species are those recognised by authoritative
taxonomic catalogues but absent from every atlas tree. Beyond
all three sits the broader pool of estimated true biodiversity
(described and undescribed species combined), which we
also track, because the same coverage percentage can mean
very different things depending on whether the denominator
is the catalogued count or the projected total.

We organise the assessment around 62 atlas partitions of
described biodiversity. The partitions are data-driven rather
than rank-based: each is defined as the largest taxonomic unit
for which a single tree could plausibly serve as the partition-
canonical resource at the current state of the literature. Where
one comprehensive tree covers a class (Mammalia, Insecta),
the class is a single partition; where a class has only sub-clade
trees (Arachnida is split into spiders, scorpions, mites and
ticks, and a residual “other arachnids”), the sub-clades become
separate partitions. The scheme is also dynamic. Partitions
migrate from the unrepresented set to the represented set
as new phylogenies are published; they may split when one
comprehensive tree gives way to several specialised ones,
or merge when a new megatree subsumes prior clade-level
efforts. The 62-component snapshot reported here is therefore
the empirical picture as of May 2026, not a fixed taxonomic
claim, and the atlas is released as a versioned, continuously-
updated collection that we maintain on an ongoing basis as
new trees become available.

The remainder of the paper reports what this audit re-
veals: the coverage asymmetry across kingdoms, the time-
calibration gap that concentrates in invertebrate and microbial
clades, the archival-uncertainty gap in which per-node uncer-
tainty rarely survives the path from inference to deposit, and
the three explicit sensitivity bounds that quantify how much
of the headline coverage depends on accepting taxonomically
placed tips.

Materials and Methods

Definitions

We use the following tip-type terminology throughout. A
molecular tip is a species present in an atlas tree with direct
molecular phylogenetic support, i.e., backed by sequence
data in the source study. A raxonomic tip is a species
present in an atlas tree but placed by taxonomic constraint or
synthesis-pipeline grafting rather than by its own sequence
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data. An unrepresented species is a species recognised by an
authoritative taxonomic catalogue but absent from every atlas
tree. Beyond all three sits the broader pool of estimated true
biodiversity (described plus undescribed species), which we
also track because the same coverage percentage can mean
very different things depending on which denominator is
used.

For bookkeeping we additionally retain three operational
terms. A dataset is a single downloadable phylogenetic
resource from one study or database (one row in Table 2).
A taxonomic group is the biological clade covered by one
or more datasets (e.g., “Birds” is one group covered by
two datasets). An atlas partition is the largest taxonomic
unit for which a single tree could plausibly serve as the
partition-canonical tree: the single tree per partition used for
coverage calculations, typically the one with the most species-
level tips. The partition scheme is data-driven (defined by
the empirical granularity at which broadly representative
species-level trees do or could exist, not by taxonomic rank
or backbone topology) and dynamic (partitions migrate, split,
and merge as new phylogenies appear; see §Updating cadence
and versioning). In the bookkeeping above, “representative
tree” is synonymous with “partition-canonical tree”.

Trees in the atlas are classified into three categories with
respect to how their topology and tip-set were assembled;
this assembly trichotomy is the qualitative counterpart of
the per-tree otl_pipeline_involvement flag recorded
in Supplementary Table S5 (direct empirical phylogenies
carry none; empirical syntheses carry full-pipeline,
collection-backed, or taxonomy-backed-grafting
according to how synthesis software or grafting was used).
(1) Direct empirical phylogenies are inferred from molecular
or genomic data in a primary study (e.g.,” for mammals, '°
for sharks). (ii) Peer-reviewed empirical syntheses are clade-
bounded trees built by combining published input phyloge-
nies, sometimes augmented with taxonomic placement of
species lacking sequence data, and released as standalone
peer-reviewed deliverables with a primary methodology paper
(e.g., I for birds, '? for seed plants, 13 for insects); these may
use software pipelines such as the Open Tree of Life synthesis
algorithm as an algorithmic backbone, but the resulting tree
is published, citable, and clade-bounded. (iii) The live Open
Tree of Life synthesis product (~2.4 million tips, of which only
~7% are placed by phylogenetic input trees and the remainder
derive from taxonomic descent) and any other tree dominated
by automated taxonomic placement without a clade-bounded
primary methodology paper are excluded. Categories (i)
and (ii) are both included; per-tree provenance, including the
molecular-tip fraction and any Open Tree pipeline involve-
ment, is reported in Supplementary Table S5.

For orientation, five counting units appear at different points
in this paper, all derived from the same underlying collection
as of May 2026: 49 datasets (Table 2 rows; one source study
or database per row) 2 47 taxonomic groups (distinct clades;
two groups have two datasets each, three rows are cross-
kingdom) C 62 atlas partitions (the complete partition of
described biodiversity used for coverage assessment in Fig. 1;
26 with a shipped canonical tree, 36 unrepresented) and 264
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standardized tree files in the public archive. These 264 files
comprise 218 Condamine family-level trees'#, 25 further
partition-canonical trees, and 21 sub-clade and reference
trees; the 26th shipped canonical, Crocodylia, is itself one
of the 218 Condamine trees, so 218 + 25 + 21 = 264 files
cover the 26 shipped canonicals without double-counting,
all mapped through a single global dictionary of 637,619
standardized species labels. Because the atlas is rebuilt
periodically (§Updating cadence and versioning), these counts
are a snapshot rather than a fixed total.

What counts as empirical synthesis

The distinction between included empirical syntheses (cat-
egory ii) and the excluded synthesis product (category iii)
turns on four operational tests. A category-(ii) tree must
be (1) clade-bounded: it covers a named taxonomic clade
rather than the live tree of life as a whole; (2) accompanied
by a primary methodology paper describing its construction;
(3) a peer-reviewed deliverable in its own right; and (4)
a citable downloadable artifact (a specific, version-pinned
tree file in a public repository, not a continuously-updated
database snapshot). '! is an empirical synthesis: it uses Open
Tree synthesis software (Chronosynth, python-opentree,
addTaxa) but draws approximately 85% of its 10,824 bird
tips (i.e., molecular tips) from 281 published input phyloge-
nies across 262 studies, with the remaining ~1,585 species
placed via Clements 2021 taxonomy as taxonomic tips; the
result is a peer-reviewed bird tree, not a fragment of the live
OTL product.'? is an empirical synthesis: approximately
22% of its 356,305 seed-plant tips are molecular tips with
direct GenBank sequence data, with the remainder grafted via
Open Tree of Life taxonomy against a molecularly-resolved
backbone (ALLMB); the published tree is itself the primary
methodology paper, not a database export. The live ~2.4M-
tip Open Tree of Life synthesis is excluded under this criterion
because the great majority of its tips are placed by taxonomic
descent and it is released as a continuously-updated database
rather than as a clade-bounded peer-reviewed deliverable.
Supplementary Table S5 records per-tree molecular-tip frac-
tion and Open Tree pipeline involvement so the inclusion of
each canonical can be audited against this checklist.

Partitioning the tree of life

We partition described biodiversity into 62 components de-
fined by the empirical granularity at which broadly repre-
sentative species-level trees do or could exist. The partition
is data-driven, not biologically motivated: each component
is the largest taxonomic unit for which a single tree could
plausibly serve as the partition-canonical resource. Where
one comprehensive tree covers a class (Mammalia, Insecta),
the class is a single partition; where a class has only sub-clade
trees (Arachnida is split into Spiders, Scorpiones, Acari, and
a residual “Other arachnids”), the sub-clades become sepa-
rate partitions. Residual buckets (“Other arachnids”, “Other
hexapods”, “Other Mollusca”, “Other vertebrates”, “Other
phyla”) ensure that every described species sits in exactly
one partition. The 36 unrepresented partitions (Supplemen-
tary Table S3) are those for which no broad downloadable
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species-level molecular phylogeny was identified; this makes
the phylogenetic dark matter visible at the same resolution as
the represented clades.

A taxonomic-rank carving (by class, by order, by fam-
ily) would not produce comparable coverage measurements
across the tree of life, because the same rank corresponds
to vastly different amounts of data-availability heterogene-
ity in different lineages. A phylogenetic carving from a
backbone tree would presuppose a topology, which is in-
appropriate in a paper whose subject is the gaps in those
topologies. The data-driven partition makes “% coverage” a
well-defined, uniformly comparable quantity across all 62
components and acknowledges that the partition itself is an
empirical artifact reflecting current tree availability, not a
normative taxonomic claim. The 62-component framing
is also dynamic: a partition undergoes a split when a new
clade-bounded comprehensive tree appears for a sub-clade
of an existing partition (the sub-clade becomes its own par-
tition, with the parent re-scoped accordingly), and a merge
when a new cross-clade comprehensive tree subsumes two
existing partitions into one. Partitions also migrate from the
unrepresented to the represented set as new phylogenies are
published, without changing the partition definition. These
split/merge/migrate events are detected and applied as part of
each rebuild (§Updating cadence and versioning).

Literature survey and curation

Because the partition scheme is data-driven, the literature
survey itself shapes partition boundaries: when a search
returns a comprehensive new tree for a sub-clade of an
existing partition, the partition splits; when a cross-clade
megatree appears, two partitions merge. We surveyed the
phylogenetic literature through May 2026 to identify the
most comprehensive, species-level, empirical phylogenetic
trees for each major taxonomic group. For each group, we
searched for “[taxon] phylogeny species tree” and related
queries across Google Scholar and targeted web searches,
complemented by backward citation tracking from recent
comparative studies. Repository searches were conducted
on Dryad, Zenodo, Figshare, and GitHub. We also searched
clade-specific databases (FishTreeOfLife, insectphylo.org,
BeeTree, GTDB, VertLife, 10kTrees, TreeBASE) and bioRxiv
for preprints deposited in 2025-2026.

Trees were required to be: (1) inferred from molecular
or genomic data (not taxonomy alone), (2) species-level (or
genome-cluster level for prokaryotes), (3) published or from
an established database with published methodology, and (4)
freely downloadable from a public repository. When multiple
candidate trees existed for a group, we selected the tree with
the greatest number of species-level tips; alternative trees
were retained as secondary datasets. Trees behind journal
paywalls or lacking deposited data files were excluded. Non-
English resources were not systematically searched but were
included when encountered. This search strategy prioritized
the largest available downloadable trees rather than exhaus-
tively cataloguing every published phylogenetic placement in
the literature. The search is rerun at each rebuild (§Updating
cadence and versioning), so the May 2026 cut-off described
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here is a snapshot rather than a final state.

Validation

All tree files were validated using the ape package
v5.0" in R. Validation checks include successful pars-
ing (read.tree or read.nexus), tip count verification
(Ntip), branch-length presence, ultrametricity assessment
(is.ultrametric with tolerance 0.1), and crown age ex-
traction (max (branching.times(tree))) for dated trees.
We treat dating and ultrametricity as logically independent
properties: a tree is dated if its branch lengths are in units
of time (typically millions of years), and ultrametric if all
root-to-tip distances are equal. The two properties usually
coincide in the atlas because most clade-level chronograms
in the published literature are extant-only and so happen
to be ultrametric, but the coincidence is not definitional:
fossilised birth-death and total-evidence chronograms with
fossil tips are dated but not ultrametric (Upham et al. 2019
publishes both an extant-only NDexp chronogram and a par-
allel FBD tip-dated chronogram), and a tree with branch
lengths in substitutions per site under a strict clock can be
ultrametric without being dated. The dated/undated flag in
Supplementary Table S5 therefore follows the source pub-
lication’s documentation of branch-length units: “dated” if
the source paper states the deposited tree is time-calibrated,
“undated” if branch lengths are in substitutions per site or
absent. Ultrametricity is recorded as a separate auxiliary flag
in the per-partition metadata. Multifurcations were retained
as-is. Rooting was accepted as provided by the original study.
Failures were handled deterministically: trees that fail parsing
are logged and excluded from the release; trees that the source
paper documents as time-calibrated but that fail ultrametricity
(e.g., FBD or total-evidence chronograms with fossil tips)
are retained as dated with the non-ultrametric flag set, not
reclassified as undated; trees whose tip count differs from the
source paper’s reported count by more than 1% are flagged
for manual review. The validation script is invoked once per
rebuild (§Updating cadence and versioning).

Standardization

Tip labels were standardized to Genus_species
format through the following steps: (1) trail-
ing family/order annotations in ALL CAPS were
stripped (e.g., Zaglossus_bartoni_TACHYGLOSSIDAE —
Zaglossus_bartoni); (2) specimen voucher codes and in-
stitutional identifiers were removed; (3) subspecies trinomials
were reduced to binomials; (4) spaces and hyphens between
genus and species were normalized to underscores. GTDB
genome accessions were retained as-is because they serve as
species-cluster identifiers. Labels that could not be resolved
to binomials (e.g., environmental samples) were retained but
flagged.

After cleaning, duplicate species within a single tree were
collapsed to a single representative standardized label for
the archive. The global dictionary was then constructed
by sorting all unique standardized labels alphabetically and
assigning sequential numeric IDs (1 to 637,619). All trees
were rewritten in Newick format with numeric tip labels. To

bioRxiv preprint | 2026

enable interoperability with other biodiversity databases, all
dictionary entries were mapped against the Catalogue of Life
2025 checklist '°: 83.2% of matchable eukaryotic names were
resolved to CoL accepted names (352,185 exact matches and
58,016 via synonym resolution), with the mapping deposited
alongside the standardized collection.

The CoL mapping is a first-class atlas product. Where a
standardised label resolves to multiple CoL accepted names
(typically because the source tree uses an older binomial that
has since been split), we keep the synonym-resolved primary
match as the canonical mapping and record the alternates
in an alternates field in the exported dictionary, so the
ambiguity is visible rather than silently collapsed. The dictio-
nary is regenerated from scratch at every rebuild (§Updating
cadence and versioning) and exported as a downloadable
CSV alongside the standardised tree files; the CSV is the
authoritative source for label-ID mappings between releases.

The global total of 637,619 therefore reflects deduplicated
standardized labels across the full collection. By contrast,
the group-level coverage percentages reported in Table 2 and
the summary figures follow the partition-canonical tree totals
used for each source study or database resource, which are
typically species-level tips or species-cluster representatives
as distributed by the original study.

Per-tree provenance (Supplementary Table S5)

Supplementary Table S5 is the per-tree provenance ledger
that anchors the empirical-synthesis inclusion test (§What
counts as empirical synthesis), the permissive/molecular/strict
coverage bounds (§Coverage under explicit inclusion criteria),
the coverage assessment (§Coverage assessment), and the
crown-age audit (§Crown-age uncertainty extraction). Each
row corresponds to one partition-canonical tree in the atlas.

Each row records the tree’s provenance across roughly
two dozen columns; four are load-bearing for the analyses
in this paper, and they cleanly separate the two independent
axes of tree provenance. The first two describe placement.
molecular_tip_fraction is the proportion of tips in the
deposited tree backed by direct molecular sequence data in the
source study, with the complementary fraction comprising
taxonomic tips. otl_pipeline_involvement is a cate-
gorical flag (none, full-pipeline, collection-backed,
or taxonomy-backed-grafting) describing whether and
how Open Tree of Life synthesis software or taxonomy-
backed grafting contributed to the shipped tree. The re-
maining two encode the two provenance axes we return
to throughout. The dating method (how node ages were
inferred) is recorded in dating_code, a five-value code
(BRC Bayesian relaxed clock, PL penalised likelihood, ST
supertree, SYN dated synthesis, N undated). Independently,
the archival class (which representation of crown-age un-
certainty was actually deposited) is recorded, for the trees
carried into the crown-age audit, in the companion inventory
fig2_hpd_inventory.csvunderthe columnhpd_method,
with four shipped values: beast_mcc_annotation (a
BEAST MCC tree carrying per-node height_95%_HPD
annotations), posterior_sample (a deposited sample of
trees from the posterior), bootstrap_treepl (a deposited
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bootstrap-replicate distribution), and none (a single dated
tree with no accompanying uncertainty, or an undated tree).
Dating method sets the epistemic ceiling on what uncer-
tainty could exist; archival class records what survived to the
deposited file. imputation_status flags the source-tree
provenance for placement: none, partial, or heavy.

The audit procedure is bounded and reproducible. For each
canonical tree we read the source paper, its supplementary
methods, the repository README, and any comments em-
bedded in the deposited NEXUS or Newick file; we record
the evidence for each of the four fields verbatim alongside the
value; cases where the evidence is ambiguous or contradic-
tory are flagged for re-review by a second curator. The audit
boundary is explicit: we did not contact authors, did not re-fit
chronograms, and did not search the body of supplementary
PDFs for HPDs that were absent from the deposited tree files.

Historical succession of canonical trees

The deposited file table_s7_canonical_succession.csv
(in the Zenodo and GitHub v1.0.8 release) is the temporal
counterpart of Supplementary Table S5: where S5 records
what the current atlas ships, the succession ledger records
the historical succession of canonical trees per partition from
2006 to 2025. Each row documents one canonical-at-time
tree with its publication year, citation key, Crossref-resolvable
DOI, tip count, molecular-tip fraction, dating code, and Open
Tree pipeline involvement, plus a canonical_in_atlas
flag that is yes for the single row whose DOI matches
the atlas-shipped canonical for that partition and no for
predecessors and for post-atlas-canonical literature trees
that the atlas has not (yet) adopted. The table contains 95
rows across the 26 represented partitions, with 26 entries
flagged canonical_in_atlas=yes (one per partition)
and 69 documenting prior canonicals or methodologically
distinct alternatives. The curation procedure mirrors the
S5 audit boundary: every entry was Crossref-verified
before acceptance, candidates without a resolvable DOI
were rejected, and confidence is recorded per row as high
(Crossref + full text read), medium (Crossref + abstract only),
or low (Crossref hit but tip count or molecular fraction not
extractable from the deposited material). The table supports
two downstream uses: (i) reproducing historical states of
the atlas at any year between 2006 and 2025, enabling
longitudinal analyses of coverage growth and methodological
turnover that go beyond the snapshot reported here; and (ii)
documenting that the atlas’s canonical choices are auditable
judgement calls rather than the most-recent-paper-wins
default. As an example of the latter, mammals retains
Upham et al.2019 (2019) as the atlas canonical despite
the more recent Alvarez-Carretero et al. timetree (2022),
because the Upham tree’s full taxonomic coverage (5,912
tips vs ~4,700 tips in the Bayesian timetree) better serves
comparative-methods users at the class level; S7 documents
the timetree as a non-canonical alternative.

Coverage under explicit inclusion criteria

Several large phylogenies in our collection extend molecular
backbones to unsampled species using taxonomic placement
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algorithms. In the Smith & Brown '? seed plant tree, approxi-
mately 79,881 of 356,305 tips (~22%) are molecular tips with
GenBank sequence data; the remainder are taxonomic tips
placed using Open Tree of Life taxonomy. Similar approaches
were used for squamates 17 (~4,161 of 9,755 molecular) and
sharks ' (~610 of 1,192 molecular); these full TACT-imputed
trees are shipped in the standardized release. The Rabosky et
al. 2018 fish tree as published contains 31,516 tips of which
only 11,638 (~37%) are molecular tips; for fish we ship the
molecular-only subset (actinopt_12k_raxml; 11,638 tips)
in the standardized release rather than the full TACT-imputed
tree, and Table 2 reports the molecular-only subset’s coverage
(32.2%, 11,638 of ~36,000 described ray-finned fish). For
comparability with the published Rabosky et al. tree, the
source study’s full-tree coverage was 87.5% (31,516 / 36,000
described species), of which 32.2% derives from direct molec-
ular data and the remainder from TACT-imputed placements.
We follow” in distinguishing strict type-1 placements (a tip
backed by its own sequence data) from trype-2 placements
(a tip placed under a genus- or family-level taxonomic con-
straint without its own sequence data) when reporting per-tree
molecular-tip fractions.

We include the three TACT-imputed trees (seed plants,
squamates, sharks) because they represent the most compre-
hensive species-level phylogenies available for each group
and are the community-standard reference. The fish case is
asymmetric (we ship the molecular-only subset rather than the
full tree) because the full fish tree is numerically dominated
by taxonomic placements rather than serving as a compre-
hensive synthesis, whereas the seed-plant and squamate
TACT-imputed trees are the canonical published reference for
downstream comparative work. Coverage percentages for the
three shipped TACT-imputed trees therefore reflect total tips
(including taxonomic placement) rather than species with inde-
pendent molecular phylogenetic support. We therefore report
headline coverage under three operationally explicit inclusion
criteria: permissive (all retained canonical tips), molecular
(molecular-only on the three TACT-imputed canonicals: seed
plants, squamates, sharks), and strict (additionally excluding
full Open Tree of Life pipeline trees), computed from the per-
tree molecular-tip fractions documented in Supplementary
Table S5 and summarised in Table 1.

Deduplicated unique-label counts are derived from the
summed source-tree tips by collapsing duplicates across
partitions and applying name resolution against the Cata-
logue of Life 2025 checklist (§Standardization). For the
permissive-criterion numerator, the 474,342 summed eukary-
otic source-tree tips resolve to 494,005 unique standardised
labels after this step: the count grows rather than shrinks
because the name-resolution step admits accepted-name plus
distinct-synonym mappings within the dictionary structure
used by the atlas. For the molecular and strict criteria the same
accounting is propagated to each criterion’s molecular-tip
subset, giving the headline figures of ~211,000 (molecular)
and ~114,000 (strict) unique standardised labels reported in
Table 1. Note that the name-resolution lift differs between cri-
teria because synonym/accepted-name pairs are concentrated
in the high-volume taxonomically-grafted regions excluded
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Table 1 | Three sensitivity bounds on global eukaryotic coverage. All three criteria use the same denominator: ~2.1 M described eukaryotic
species (sum of described-species counts across the 62 atlas partitions, Supplementary Table S5).

Inclusion rule

All retained canonical trees in full, including taxonomic tips.

Molecular tips only on the three TACT-imputed trees (seed plants, squamates, sharks);

other trees counted in full.

Additionally exclude full OTL-pipeline trees (birds !, insects '31%); for remaining
partial-placement trees (mammalsg, amphibians 20 sharks 19, squamates 17 plants 12),

count molecular tips only.

Numerator %o
494,005 unique eukaryotic standardised labels 23.7%
~211,000 (excludes ~283,000 imputed tips) ~10%
~114,000 unique eukaryotic standardised labels ~ ~5.4%

with direct molecular support (Fig. 2)

under stricter criteria; the permissive-criterion ratio is there-
fore not a uniform multiplier for the molecular and strict
criteria. The three bounds together make the empirical place-
ment gap explicit at the resolution of operational choices, and
Supplementary Table S5 lets any reader recompute coverage
under their own preferred inclusion criterion. Users requiring
strictly molecular phylogenies can use the GenBank-only tree
variants available from the original studies.

Several partitions are additionally covered by one or
more alternative trees (recorded in the deposited file
table_s6_alternative_trees.csv) that are not the
partition-canonical choice but are retained because they serve
roles the canonical alone cannot. First, sub-clade trees within
a partition provide finer-resolution sampling (Primates, Car-
nivora, Cetaceans within Mammals; the Portik et al. 2023
frog tree within Amphibians; the Kawahara et al. 2023
butterfly chronogram within Insects) and let trait-evolution
studies work at the resolution of interest rather than at the
class level. Second, methodologically distinct alternatives
are available: Jetz et al. 2012 2012 alongside McTavish et
al. 2025 2025 for birds; Pyron et al. 2013 2013 alongside
Tonini et al. 2016 2016 for squamates; PAFTOL > alongside
Smith & Brown'? for seed plants. These let comparative-
methods users assess topology- and method-sensitivity by
re-running their analysis on both trees and reporting the
empirical disagreement. Third, the alternates serve as substi-
tution targets for users who define stricter inclusion criteria
than the strict criterion by substituting a non-OTL-pipeline
alternative wherever an OTL-pipeline canonical is excluded;
the permissive, molecular, and strict bounds reported here do
not perform this substitution by default (under the strict crite-
rion the affected partitions are dropped), but the alternative-
trees CSV (table_s6_alternative_trees.csv) docu-
ments the available substitution candidates so any user-defined
inclusion rule can be applied without leaving the framework.

Coverage assessment

For each taxonomic group, coverage was calculated as the
partition-canonical tree total reported for that dataset divided
by the estimated total described species for that group, us-
ing only groups with a directly comparable denominator.
Denominators were obtained from authoritative taxonomic
databases accessed in May 2026: the Mammal Diversity
Database *°, TIUCN Red List, Reptile Database?’, Amphibian
Species of the World>®, AmphibiaWeb, Eschmeyer’s Catalog
of Fishes, Catalogue of Life 16 World Flora Online, World
Spider Catalog, Species Fungorum, World Register of Marine
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Species, GTDB 29 and AlgaeBase. Per-database access dates
and version identifiers are listed in Supplementary Table S4.

The global coverage figure of ~23.7% reported in the
abstract and introduction (the permissive criterion; see §Cov-
erage under explicit inclusion criteria) was calculated as the
number of unique eukaryotic standardized labels in the stan-
dardized dictionary (494,005) divided by the total described
eukaryotic species across all groups surveyed (~2.1 million).
The numerator is deduplicated: each standardized label is
counted once regardless of how many trees contain it. The de-
nominator sums described-species counts from authoritative
sources for each independent top-level group (e.g., Insects
rather than its constituent orders), plus described-species
estimates for the 36 unrepresented partitions documented in
Supplementary Table S3 and the main table footnotes. Some
datasets in the collection cover subgroups of larger clades
(e.g., Butterflies within Insects, Orchids within Seed plants);
these contribute to the atlas but their described-species counts
are not added to the global denominator separately from their
parent group.

The same numerator can also be reported against estimated
true biodiversity (described plus undescribed species) rather
than against catalogued species alone. The 62 atlas partitions
together encompass an estimated 7.3-35.4 M extant species
(central ~15.6 M; Supplementary Table S4), so the 494,005
deduplicated eukaryotic standardised labels in the atlas corre-
spond to a ~1.4-6.8% coverage range under this denominator.
The width of the range reflects the published spread among
global species-richness estimators rather than uncertainty in
the atlas itself, and we report it explicitly so the Discussion
can cite a single bracket rather than picking one estimator.

Denominators vary in quality and comparability across
groups. Vertebrate species counts are relatively stable, while
invertebrate and microbial counts are subject to ongoing
revision. For prokaryotes, GTDB genome-based species
clusters are not directly comparable to traditionally described
species, and we note this caveat where relevant. For any
group whose partition-canonical tree spans the recognized
species pool (Turtles is the prototypical case but the rule
is general), the raw tip count is retained in Table 2 but
the displayed coverage value is capped at 100%. Groups
lacking a plausible or directly comparable denominator are
marked with dashes in Table 2 and shown without coverage
percentages in the summary figures; a denominator is treated
as comparable when it (a) enumerates species in the same
operational sense as the tree tips and (b) was last revised
within five years of the tree’s deposition. Per-tree provenance
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for the molecular-tip fractions that underlie the molecular
and strict bounds is documented in Supplementary Table S5
(§Per-tree provenance and §Coverage under explicit inclusion
criteria).

Crown-age uncertainty extraction

Every dated source tree in the atlas was passed through the
audit; the 218 Condamine'* family-level trees are out of
scope for this audit (they are aggregated derivatives, not
source chronograms) and are excluded from the 29-tree
denominator. For each dated source tree we attempted to
recover an estimate of uncertainty on the crown-node age. For
BEAST maximum clade credibility (MCC) trees that preserve
[&height_95%_ HPD={low,high}] node annotations in the
deposited NEXUS file, we parsed all annotated nodes by regu-
lar expression and reported the 95% highest posterior density
(HPD) interval of the node with the maximum height as the
crown-age HPD. For datasets where the authors deposited
a posterior sample of trees (10kTrees primates>’, 100 trees;
Thomson et al.?! turtles, 100 trees), we parsed each tree,
computed its crown age via max(branching.times()),
and reported the 2.5%/50%/97.5% empirical quantiles across
replicates. Empirical quantiles rather than a central HPD
are reported here because the posterior and bootstrap distri-
butions are non-parametric and the quantile is the directly
comparable analogue of the BEAST 95% HPD. For Stein
et al.'” sharks, we used the deposited bootstrap distribution
of 500 treePL-dated trees in the same way to produce a
95% bootstrap interval. Of the 29 non-Condamine dated
source trees in the atlas, only seven (24%) had a recover-
able archival class carrying crown-age uncertainty: three
via BEAST MCC HPD annotations (Upham et al.® mam-
mals, Nyakatura et al. 32 carnivores, Vaga et al. 33 corals),
three via deposited posterior samples (primates, turtles, and
Wolfe et al.** decapods), and one via a bootstrap distribution
(sharks); the remaining 22 source trees and the 218 Con-
damine family-level trees were deposited as point estimates
with no per-node uncertainty annotation or accompanying
posterior or bootstrap distribution. The recoverable archival
classes are recorded in the hpd_method column of the crown-
age inventory (fig2_hpd_inventory.csv), which takes
the values beast_mcc_annotation, posterior_sample,
orbootstrap_treepl for trees with recoverable uncertainty
and none otherwise; each tree’s dating method is recorded sep-
arately in the dating_code field of Supplementary Table S5.
The audit boundary mirrors that of §Per-tree provenance:
we did not contact authors, did not re-fit chronograms, and
did not search the body of supplementary PDFs for HPDs
absent from the deposited tree files. The parsing script is
invoked once per rebuild (§Updating cadence and versioning)
so a new release-tag re-evaluates uncertainty recovery for any
deposited update.

Updating cadence and versioning

The atlas is rebuilt periodically as new phylogenies enter
the literature, with no fixed schedule: rebuilds are triggered
when the literature-monitoring pipeline of §Literature survey
and curation surfaces enough candidate trees to justify a new
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release. Each rebuild runs a fixed pipeline: (1) literature
monitoring (the survey queries of §Literature survey and
curation are rerun against Google Scholar, the listed reposito-
ries, the clade-specific databases, and bioRxiv); (2) candidate
validation (§Validation); (3) standardization and dictionary
regeneration (§Standardization); (4) Supplementary Table S5
regeneration (§Per-tree provenance); (5) partition reassess-
ment (§Partitioning the tree of life); and (6) release tagging
on GitHub and deposit on Zenodo.

Partition split/merge events are triggered at step (5) by de-
terministic rules: a partition splits when the rebuild identifies
a new clade-bounded comprehensive tree for a sub-clade of
an existing partition; two partitions merge when a new cross-
clade comprehensive tree subsumes both; an unrepresented
partition migrates into the represented set when a previously
absent partition-canonical tree appears. A partition definition
does not change for any other reason between releases.

The release scheme is two-level. The atlas-as-resource has
a Zenodo concept-DOI (10.5281/zenodo.20127157)that
always resolves to the latest release; each release additionally
receives its own Zenodo version-DOI (the snapshot reported
here is v1.0.8, 10.5281/zenodo.21205025). GitHub re-
lease tags follow semantic versioning (vX.Y.Z) and are
aligned one-to-one with the version-DOIs. The repository
README points to a single reproduction entry-point note-
book that re-derives every number in the paper from the
version-pinned standardised trees, dictionary CSV, Supple-
mentary Table S5, and the deposited canonical-succession
CSV (table_s7_canonical_succession.csv). A
GitHub wiki provides human-curatable per-partition review
pages, regenerated deterministically at each release from the
same data sources (see §Historical succession of canonical
trees). An R companion package (phyloatlas, submitted
to CRAN)provides programmatic access to the standardised
trees and per-tree provenance from within R.

To pin a specific snapshot of the atlas, cite the version-DOI,
the concept-DOI resolves to the most recent release and is
appropriate when citing the atlas as a continuously-maintained
resource rather than a fixed deliverable.

Software and Al-assisted tooling

The data-curation pipeline (Catalogue of Life name resolution,
per-tree provenance extraction, archival-uncertainty audit),
the figure-generation scripts, and the companion phyloatlas
R package were developed with substantial assistance from
large-language-model (LLM) coding tools (Anthropic Claude
model family). LLM assistance was used to draft and itera-
tively refine code, to translate inclusion-criterion rules into
reproducible pipeline steps, and to generate exploratory plots;
all analytical decisions, scientific judgments, the inclusion or
exclusion of individual canonical trees, and the structure of
the inclusion-criterion sensitivity envelope are the author’s
own. All deposited code is open source and inspectable in
the project repository, so the LLM contribution to any given
script can be audited end-to-end.
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Results

A global atlas of empirical phylogenies

We identified and curated 264 trees covering 62 partitions of
life across Bacteria, Archaea, and Eukaryota (Table 2, Fig. 1).
The 264 trees comprise 218 family-level tetrapod chrono-
grams from Condamine et al. 2019, 25 further partition-
canonical phylogenies (one largest available species-level
tree per remaining represented partition; together with the
Condamine Crocodylia tree these constitute the 26 shipped
partition-canonicals), and 21 complementary trees: 19 sub-
clade phylogenies (e.g., the 5,326-tip Portik et al. frog phy-
logeny within Amphibians, the 2,258-tip Kawahara et al.
butterfly chronogram within Insects) and two cross-cutting
reference trees. Each tree was inferred from molecular or
genomic data in a peer-reviewed study (or, for two datasets, an
established database with published methodology), contains
species-level tips, and is freely downloadable from a public
repository. The collection was assembled through systematic
literature searches across Dryad, Zenodo, Figshare, GitHub,
institutional servers, and journal supplements through May
2026.

The largest trees are the Smith & Brown seed plant mega-
phylogeny 356,305 tips; ', the GTDB bacterial reference tree
136,646 genome-based species clusters;??, and the insect-
phylo.org insect synthesis 53,596 species; . In addition, we
include 218 family-level tetrapod trees from Condamine et al.
2019 and the Hedges et al. TimeTree of Life spanning 50,645
species across all domains>>.

The representative trees in the current public release were
standardized into Newick format with numeric tip labels
mapped to a global dictionary of 637,619 unique standardized
labels (494,005 eukaryotic standardized labels and 143,614
GTDB prokaryotic genome clusters). This standardization
enables cross-tree queries (e.g., finding all trees containing a
given species) and lays the groundwork for supertree construc-
tion. The current archive includes all representative datasets
used for the manuscript, including bryozoa and frogs.

Coverage asymmetry across the tree of life

A central result of our survey is the asymmetry in phylogenetic
coverage (Fig. 1). Well-studied clades show near-complete
coverage: birds (96.7%), sharks and rays (93.0%; 1,192
of 1,282 described chondrichthyan species in Stein et al.
2018), seed plants (92.9%), mammals (87.8%), ray-finned
fish (87.5% under the full Rabosky et al. 2018 TACT-imputed
tree; 32.2% under the molecular-only subset shipped in the
standardized release, see also Methods), squamates (83.1%),
and amphibians (81.7%). For these groups, species-level
phylogenies inferred from multi-gene supermatrices have been
available for 5-15 years and are routinely used in comparative
analyses.

In stark contrast, most invertebrate diversity remains poorly
represented in current large-scale phylogenies. Insects, the
most species-rich animal class with approximately 1 million
described species, are covered by only 53,596 species (5.4%)
in the best available tree. Spiders cover 2.8% of described
species, crustaceans 0.1%, nematodes 0.6%, and echino-
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derms 0.9%. For several major animal phyla, species-level
phylogenetic coverage remains sparse or absent. Annelida
(~21,000 species) and Platyhelminthes (~20,000 species) lack
any broadly representative atlas-scale phylogeny; available
molecular work is concentrated in family- or order-level back-
bones**37. Bryozoa is represented by the Orr et al. 2022 tree
(720 tips overall, of which 517 are cheilostome species; 12.0%
of ~6,000 described species are represented in the full tree),
and Rotifera (~2,200 species) and 36 additional partitions
lack any broadly representative downloadable species-level
tree as of May 2026 (Table 2). Mollusca, despite ~85,000
described species, is represented in the atlas only by relatively
small backbone trees for gastropods (54 species), cephalopods
(81 species), and freshwater bivalves (73 species).

Fungi, despite an estimated 155,000 described species, are
represented by only 1,602 species (1.0%) in the most com-
prehensive genome-scale phylogeny available®”. Prokaryotic
coverage through GTDB is difficult to compare directly be-
cause “species” are defined as genome-based clusters rather
than traditional taxonomic descriptions.

The absolute scale of these gaps and the distinction between
dated and undated phylogenies are shown in Fig. 1: while seed
plants and most vertebrate groups show dark green bars that
nearly fill their described-species extent, most invertebrate
and microbial groups show only a thin sliver of green against
a predominantly black bar, and several major phyla appear
as fully black bars because no broadly representative atlas-
scale tree is currently available. For rows lacking a directly
comparable external denominator, the figure reports tree size
but omits a coverage percentage.

Temporal coverage: dated vs. topology-only trees

Of the 264 trees in the atlas, 247 (94%) are time-calibrated
(branch lengths in millions of years) and 17 provide topology
only or branch lengths in substitutions per site. This is a
marked improvement over earlier releases: in 2017 only ~5
dated trees were available. The distinction is critical for
macroevolutionary inference: diversification rates, ancestral
state reconstruction, and comparative methods all require
dated trees.

Time-calibrated trees are available for all vertebrate groups
in the collection, most plant datasets (seed plants, ferns,
conifers, orchids, Solanaceae, and cacti), four arthropod
groups (butterflies, bees, spiders, and crustaceans), and sev-
eral other datasets (corals, cephalopods, sponges, echino-
derms, and diatoms), plus the Condamine family-level trees.
The large insect synthesis trees, several invertebrate backbone
trees (termites, hemiptera, nematodes, bryozoa, bivalves, and
gastropods), the grasses, asteraceae, bryophytes, and eucalyp-
tus trees, as well as the fungal tree and prokaryotic trees, are
not time-calibrated, limiting their utility for diversification
analyses.

Among the major clade-level trees, crown ages span from
37 Ma (cacti) to 573 Ma (corals), covering much of the
Phanerozoic. Where archival uncertainty was recoverable
(7 of 29 non-Condamine dated source trees evaluated in the
crown-age audit), 95% intervals on crown age span more
than an order of magnitude in width, from ~5 Myr for pri-
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mates to ~150 Myr for corals (see Methods). Restricting
to the 26 partition-canonical source trees, 10 of 26 ship a
single point-estimate chronogram, 9 of 26 are undated phy-
logenomic or supertree topologies, and only 7 of 26 (27%)
preserve a posterior or bootstrap distribution from which
HPDs can be reconstructed without re-running the dating
pipeline. The two ratios enumerate different sets: the crown-
age audit (7 of 29) additionally includes sub-clade alternative
trees from table_s6_alternative_trees.csv with de-
posited posterior or BEAST MCC HPD annotations, whereas
the partition-canonical view (7 of 26) counts only the one
canonical tree per partition.

Species accumulation across datasets

Three datasets alone account for ~85% of all species in the
collection: seed plants (354,799 unique species after dedupli-
cation from 356,305 tips), bacteria (136,646 GTDB clusters),
and insects (53,596). The remaining 23 partition-canonical
trees and 218 Condamine family-level trees collectively add
approximately 97,000 additional species. This concentration
means that the overall species count is dominated by a few
megadiverse groups, while the “long tail” of smaller trees
provides coverage of groups that would otherwise be absent
entirely.

Coverage under explicit inclusion criteria

The headline atlas-coverage number, the fraction of described
eukaryotic species represented in at least one canonical parti-
tion tree, is a function of the inclusion criterion adopted, not
a single empirical constant. We report three explicit sensitiv-
ity bounds, applied per partition and aggregated across the
deduplicated dictionary (Methods). The permissive criterion
counts every retained tip of the canonical tree, including
taxonomically placed and synthesis-grafted tips. The molec-
ular criterion removes the non-molecular tips of the three
TACT-imputed canonicals (seed plants, squamates, sharks)
but otherwise mirrors the permissive criterion. The strict
criterion further excludes full Open Tree of Life pipeline
trees and counts only molecular tips on every remaining
partially-imputed canonical. Aggregated across the dedu-
plicated dictionary, the three bounds give 23.7%, ~10%,
and ~5.4% of described eukaryotic species respectively, an
envelope that spans roughly a factor of four (Table 1).

The per-partition view reveals where the envelope con-
centrates. Seed plants drift the most under stricter criteria,
from 92.9% under the permissive criterion (356,305 tips of
Smith & Brown '? against 383,671 described species in World
Flora Online 2025) to ~20.8% under the molecular criterion
(and the strict criterion), a ~72-percentage-point shift driven
entirely by the Smith & Brown megatree, whose tip pool is
overwhelmingly composed of taxonomically grafted species
rather than directly molecularly placed ones. Birds show a
comparable absolute shift between the permissive/molecular
criteria and the strict criterion (96.7% to 0%) because the
McTavish et al. 2025 synthesis is a full Open-Tree pipeline
product and is excluded outright under the strict criterion.
Among the other vertebrate partitions, sharks (93.0% —
47.4%), squamates (83.1% — 35.7%), mammals (87.8% —
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60.6% under the strict criterion), and amphibians (81.7% —
54.7% under the strict criterion) all shift visibly under the
stricter readings. By contrast, the long tail of small inver-
tebrate, microbial, and protist partitions (spiders, sponges,
diatoms, fungi, gastropods, crustaceans) show no drift at all
because their canonical trees consist entirely of molecularly
placed tips and none are products of the full Open Tree of
Life pipeline. The asymmetry between coverage estimate and
inclusion criterion is therefore not a uniform multiplicative
penalty: it is concentrated on a handful of taxonomically
broad, methodologically heterogeneous trees (seed plants,
insects, the major tetrapod clades) whose retained tip pool
depends sharply on whether one counts grafted or imputed
tips.

The Condamine et al. 2019 family-level trees contribute
only 1,052 species not already present in the larger trees, indi-
cating that their primary value lies in providing independently
estimated family-level topologies for diversification analyses
rather than expanding species coverage.

Disaggregating the permissive/molecular/strict envelope
by the publication year of each partition’s atlas-shipped
canonical reveals when the eukaryotic species pool of
the atlas actually accumulated (Fig. 2; derived from
table_s7_canonical_succession.csv, the deposited
canonical-succession ledger). The trajectory is dominated
by a single event: Smith & Brown !> 2018 lifts the permis-
sive count from ~10,000 to ~384,000 species in one step
while the molecular and strict counts rise only to ~104,000
and ~100,000 respectively, an illustration of how a single
taxonomically-grafted megatree controls the apparent mag-
nitude of the resource, but contributes much less to its strict
empirical core. The 2023 step adds the insectphylo v2
collection-backed synthesis (Chesters et al. 2023), which
lifts the permissive and molecular counts but is excluded
outright under the strict criterion (full-OTL-pipeline tier). By
the v1.0.8 snapshot, the three trajectories reach ~464,000 /
~184,000/ ~114,000 species respectively, comparable to (but
slightly below) the deduplicated Table 1 headline of 494,005
/ ~211,000 / ~114,000; the figure reports summed tip counts
pre-deduplication, with the deduplication lift differing across
criteria as documented in §Coverage under explicit inclusion
criteria.

Overlapping and complementary trees

Several taxonomic groups are covered by multiple indepen-
dent studies, providing opportunities to assess phylogenetic
uncertainty. In the main table, Birds are covered by both the
Jetz et al. 2012 posterior distribution (9,993 species x 1,000
trees) and the McTavish et al. 2025 synthesis (10,824 species),
and Insects are covered by both the Chesters ' species-level
tree and the insectphylo.org '’ continuously updated synthe-
sis. The broader collection also contains alternative trees for
Mammals two dating methods in?, Amphibians (overlapping
with the separate Frogs tree), Squamates (Pyron 2013 back-
bone), and Seed plants (Kew Tree of Life). These overlaps
are quantified in Supplementary Table S2.
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Figure 1 | Phylogenetic coverage across the tree of life (62 partitions). Each row is one partition, grouped by broad taxonomic
category. Filled diamonds mark species counts in the canonical atlas tree for that partition: blue diamond: total tip count of the canonical
time-calibrated tree (all tips, including taxonomically placed and synthesis-grafted species); green diamond: molecular-only tip count
of the same time-calibrated tree (tips with direct molecular sequence support, excluding taxonomic placements and grafted tips); amber
diamond: tip count of the canonical tree where it is undated. Open circles mark described species counts from authoritative taxonomic
catalogues; horizontal lines span published estimated true-diversity intervals (low—high). The horizontal axis is log species count. For
dated rows whose canonical tree has direct molecular support for every tip, the blue and green diamonds coincide and appear as a single
marker; for dated rows with partial taxonomic placement (e.g., seed plants, squamates, amphibians, mammals, birds, sharks), the green
diamond sits visibly to the left of the blue, with the horizontal gap indicating how much of the tree’s tip pool is taxonomically rather than
molecularly placed. Vertebrate and plant partitions cluster on the right of the plot (high described counts, near-complete trees); microbe
and minor-animal-phyla partitions show open circles without diamonds, indicating no atlas-scale phylogeny is currently available. Broad
taxonomic categories are labelled on the right margin.
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Figure 2 | Cumulative eukaryotic species in the atlas through time, under three inclusion criteria. For each year between 2006 and
2025 we take, per partition and per criterion, the running maximum of species contribution across all canonical trees from Supplementary
Table S7 published at or before that year, then sum across partitions. The running-max semantics reflects when species first became available
to the community, not when the atlas project later adopted a particular tree, so e.g. the bird partition’s contribution accumulates with Jetz
etal. 3 2012 (+ ~9.8 k species, the first comprehensive bird tree), not in 2025 when the atlas adopted McTavish et al. I (an additional
+ ~0.8 k species refinement). Blue (permissive): all retained tips of the running-max canonical, including taxonomically placed and
synthesis-grafted tips. Amber (molecular): the three TACT-imputed canonicals (seed plants, squamates, sharks) contribute only their
molecular-tip fraction; other canonicals contribute in full. Green (strict): rows whose ot1l_pipeline_involvement is full-pipeline
or collection-backed contribute zero; other rows with molecular-tip fraction < 1 contribute molecular tips only. Four highlighted
increments label the largest historical step-changes: Jetz 2012 birds, Zanne 2014 plants, Chesters 2017 insects, and Smith & Brown 2018’s
plant megatree (the dominant single event, + ~324 k tips of which ~22.6% are molecular). By the v1.0.8 snapshot the three trajectories
reach ~491,000 / ~209,000 / ~191,000 species respectively. The permissive and molecular endpoints align with Table 1’s deduplicated
headline (494,005 / ~211,000) within the name-resolution lift documented in Methods. The Figure-2 strict endpoint (~191,000) exceeds
Table 1’s strict headline (~114,000) because the figure uses row-level OTL-pipeline exclusion (Chesters 2020’s 69,000-tip non-OTL insect
tree contributes under the strict criterion even though the current atlas-shipped insect canonical, Chesters 2023, is excluded) whereas Table 1
reports the stricter partition-level reading (birds and insects entirely excluded). Both readings are reported here so readers can choose
the bound appropriate to their analysis. Prokaryotic partitions (bacteria, archaea) are excluded to keep the y-axis comparable with the
eukaryotic-only permissive/molecular/strict framework.

Discussion but several factors plausibly contribute. Vertebrate system-
To our knowledge, this is the first broad cross-kingdom atics has benefited from sustained museum infrastructure
) 40.

and comprehensive specimen archives’; conservation agen-
cies (IUCN, CITES) have driven comprehensive species
inventories for vertebrates that subsequently motivated phy-
logenetic efforts. Scale is also a straightforward constraint:
building a phylogeny for ~6,700 mammals is a tractable
decade-long project, whereas building one for 85,000 mol-
lusks or 1,000,000 insects requires fundamentally different
approaches*!'. Universal vertebrate molecular markers (e.g.,
cytochrome b, RAG1) enabled the supermatrix approach that
Coverage asymmetry: observations and plausible  produced the large vertebrate trees %18 while invertebrate
drivers groups more often require order-specific primer development,
though phylogenomic approaches are increasingly circum-
venting this limitation. Finally, methodological choices
within groups shape apparent coverage: birds reach 96.7% in
McTavish et al. 2025 2025, a synthesis tree that integrates

quantitative synthesis of species-level phylogenetic coverage
in currently downloadable empirical phylogenies. The central
finding (that only 23.7% of described eukaryotic species
are represented in the largest currently available empirical
phylogenies, with 36 atlas partitions lacking any broadly
representative downloadable tree) has immediate implications
for systematic biology, comparative methods, and biodiversity
science.

The coverage asymmetry we document is the most conspic-
uous feature of the current empirical tree of life. A formal
causal analysis is beyond the scope of this resource paper,
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Jetz et al. 2012 2012’s taxonomic-placement framework with
Open Tree topology to assign essentially every recognized
species (Jetz 2012 alone covers 89.3%), whereas the mam-
mal supertree’ did not impute all data-deficient species,
leaving coverage at 87.8% despite comparable taxonomic
completeness. Coverage therefore reflects not only biological
tractability but also the ambition and methodology of each
tree-building effort. A more comprehensive discussion of in-
stitutional, funding, and community-level drivers is provided
in the Supplementary Discussion.

The time-calibration gap

The absence of time-calibrated trees for the largest invertebrate
and microbial clades represents a second critical gap for
systematic biology. Without dated phylogenies, researchers
cannot estimate diversification rates, test hypotheses about the
tempo and mode of evolution, or place evolutionary events in
geological context. Out of 264 atlas trees, 247 are dated, but
the undated subset includes the most consequential synthesis
resources: the insectphylo.org and Chesters insect supertrees
(53,596 and 49,338 species respectively), the kingdom-Fungi
tree (1,602 species), and the GTDB bacterial + archaeal trees
(143,614 genome clusters); the undated set also includes the
canonical phylogenomic ML trees for bivalves (Pfeiffer et
al.*?), bryozoa (Orr et al. *®), and gastropods (Zapata et al. *),
which are deposited as ML/Bayesian topologies without time
calibration. Time-calibrating these existing trees should be
a priority for the field. Among the trees that are dated, the
divergence-time method itself varies widely, from Bayesian
relaxed clocks to re-dated supertrees, with correspondingly
different capacities to preserve age uncertainty (Fig. 3).

Statistical consequences of discarding divergence-time
uncertainty

A second under-archival pattern complements the time-
calibration gap. Each deposited dated tree summarizes a
posterior or bootstrap distribution that, in principle, encodes
node-level uncertainty, typically reported as 95% HPD inter-
vals on every internal node in the original publication. In prac-
tice, however, this uncertainty is rarely propagated through to
the deposited derivative tree. Of the 29 non-Condamine dated
source trees in our atlas, only seven (24%) preserve recov-
erable archival uncertainty on the crown age: three through
BEAST MCC trees with embedded height_95%_HPD node
annotations, three through deposited posterior samples of
trees, and one through a bootstrap-replicate distribution (Meth-
ods). The remaining 22 source trees and all 218 Condamine '#
family-level trees are deposited as point-estimate chronograms
with no per-node uncertainty, even where the original infer-
ence (Bayesian or bootstrapped) clearly produced one. Where
uncertainty is recoverable, interval widths span more than an
order of magnitude, from ~5 Myr for well-calibrated primates
to ~150 Myr for corals, reflecting heterogeneous calibration
density that downstream users of the trees cannot otherwise
see. The systematic loss of uncertainty information between
inference and archival is itself a methodological gap with
direct consequences: comparative analyses that propagate
phylogenetic uncertainty across the tree of life cannot do so
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when only point estimates are deposited.

The consequences are statistical, not merely bookkeeping.
A downstream comparative analysis treats each node or crown
age as an input; when only a point estimate is deposited, that
input is silently promoted from a random variable to a fixed
constant, with three distinct effects. First, variance is un-
derestimated: a statistic computed on a single plugged-in
chronogram (a net-diversification rate, a phylogenetically
independent contrast, or the slope of an age-dependent re-
gression) inherits none of the calibration uncertainty, so its
standard error is anticonservative and its interval too narrow,
inflating Type I error in precisely the age-dependent tests the
tree was built to support. Second, point estimates are biased,
not merely over-confident, whenever the downstream quantity
is nonlinear in the ages: a per-lineage rate scales as (number
of events)/t, and by Jensen’s inequality E[1/t] # 1/E[t],
so evaluating the estimator at the mean age does not return
the mean rate; the target expectation is unrecoverable once
the age distribution is discarded. Third, the archival class
determines which stratum of uncertainty survives, and the
strata are not interchangeable; each retains a strictly weaker
summary than the last. A deposited posterior sample of
trees retains the full joint distribution of node ages, including
the across-node covariances on which tree-wide methods
such as independent contrasts and phylogenetic generalized
least squares depend. Per-node 95% HPD annotations on a
single summary tree retain only each node’s marginal, dis-
carding those covariances. A bootstrap-replicate set encodes
a frequentist sampling distribution rather than a posterior.
A bare point estimate retains nothing. The archival class
(recorded in hpd_method) is thus also a ladder of statistical
usability (posterior sample > MCC-with-HPD > bootstrap
distribution > point estimate) on which the dating method
sets the ceiling (only a Bayesian relaxed clock can supply
the full joint posterior; penalised-likelihood, supertree, and
synthesis chronograms cannot) while the deposit format fixes
where a tree actually lands. Collapsing a Bayesian posterior
to a point-estimate deposit therefore discards recoverable,
inference-load-bearing information, not a nuisance annota-
tion.

Routine archival of MCC trees with full per-node HPD an-
notation, or of at least a moderately sized posterior subsample,
would address this gap at negligible storage cost.

Limitations
This collection is a curated atlas of the largest publicly down-
loadable empirical phylogenies currently available for major
clades (comprising 264 trees across 62 atlas partitions), not an
exhaustive census of every published phylogenetic placement
in the literature. Many species appear in smaller clade-
specific or regional trees that were not included here because
our search prioritized the most comprehensive available re-
source for each group. Coverage estimates are therefore best
interpreted as representation in current large-scale phyloge-
netic resources, and the true fraction of species with some
empirical phylogenetic placement is likely higher than 23%.
Comparisons across clades are approximate because taxo-
nomic practice, species delimitations, denominator sources,
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Incomplete sampling across the tree of life
observed tips vs. estimated total richness interval [Ny, N,] — coloured by dating method

105 4

104 4

103 4

Species richness (log scale)

102 -

101 4

Dating method (colour)
Bayesian relaxed clock (BRC)
Penalised likelihood / treePL (PL)
Dated synthesis (SYN)
Supertree (ST)

|

L 4

233 of 246 dots carry a richness interval

o]e

L 4

Marker (data source)
@ 218 family-level trees
‘ 15 whole-clade references
O 13 clades, no interval
—— richness support [Ng, N,]

10!

Crown age (Mya, log scale)

10?2

Figure 3 | Dating-method provenance across the atlas. Each marker is a dated clade at its crown age (x) and observed tip count (y); the
vertical band spans the described-to-estimated species-richness range [ N4, Ny, |. Colour encodes the divergence-time dating method of the
tree’s original source: Bayesian relaxed clock (BRC; BEAST), penalised likelihood (PL; TREEPL), dated synthesis (SYN) and supertree (ST).
All 246 clades are method-coded (BRC 144, PL 33, ST 68, SYN 1). The 218 Condamine et al. (2019) compiled family trees are split by their
inherited source method (131 BRC via BEAST; 66 ST; 21 PL via TREEPL) rather than lumped as one “Condamine” category, which would
be a compiler label, not a method. Method definitions and the orthogonal archival-class (hpd_method) analysis are given in the Supplement.
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and data availability differ substantially among groups.
Prokaryotic “species” defined by genome-similarity thresh-
olds in GTDB are not directly equivalent to traditionally
described eukaryotic species. Invertebrate species counts are
under active revision, and some denominators may be substan-
tially revised in coming years. Additionally, our search was
limited to English-language literature and publicly accessible
repositories; trees deposited in regional databases or behind
journal paywalls may have been missed.

The scale of the gap in context

The 62 partitions in our atlas collectively encompass ~2.9
million described species and an estimated 7.3—35.4 million
species worldwide (central ~15.6 million) (Fig. 1; Supple-
mentary Table S4). Published estimates of global species
richness vary by orders of magnitude depending on scope
and methodology (Supplementary Table S7). For eukaryotes,
the most widely cited figure is Mora et al.’s** ~8.7 million
(£1.3 M), while Costello et al. 2013 argue for a lower ~5 mil-
lion after correcting for synonymy. For prokaryotes, estimates
range from ~1 million*® to ~10'>#’. When host-specific
symbionts and cryptic species are included, Larsen et al. 2017
estimate 1-6 billion species across all life. Our figure of
~15.6 million sits between the eukaryote-only consensus and
the more expansive all-life estimates, reflecting our inclusion
of prokaryotic genome clusters and conservative per-group
estimates from authoritative sources rather than extrapolation
from scaling laws. Regardless of which global total one
adopts, the phylogenetic coverage documented here (637,619
standardized labels in empirical trees) represents a small
fraction of estimated global diversity. This shows both the
scale of the gap and the value of a standardized atlas that
makes the existing coverage transparent.

Toward a comprehensive empirical tree of life

Our standardized collection (with 637,619 unique labels
mapped through a global dictionary of numeric IDs) provides
a foundation for several immediate applications in systematic
biology: cross-tree species lookup (identifying all trees
containing a given species), overlap quantification between
independent studies, and benchmarking of coverage gaps
across clades. The interoperable format is also suited to
future supertree or megatree construction. Together with the
Open Tree of Life taxonomy as a scaffold, these empirical
phylogenies could be integrated into a more comprehensive
empirical tree of life. The cumulative-coverage trajectory
in Fig. 2, from ~1,000 species in 2006 to ~487,000 today
under the permissive criterion, suggests that the remaining
unrepresented partitions are tractable on a decade timescale
rather than a distant one.
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