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Supplementary Methods
i | desi
The decision to divide Mammalia into smaller clades for analyses — rather than perform
tree-wide dated inference — is based on trade-offs in the following factors:

Q) computational limits to adding tips in phylogenetic analyses;
(i) propagating uncertainty in inference; and
(i) propagating uncertainty in models of evolution.

We found the maximum tree size for Bayesian inference in MrBayes v.3.2.6 [1] was ~800
species in our trial runs. Near this maximum, our largest patch (Muridae, 778 species) took 3.7
weeks to finish 33,330,000 generations in parallel on 16 BEAGLE-enabled compute nodes. We
suggest a current hard limit of < 1000 species for convergence of Bayesian supermatrix analyses
(matrix complexity was also a key determinant of run times, see section 5.1).

Our goal of including full uncertainty of divergence times and species relationships was
best suited to Bayesian inference, where the likelihood of parameter estimates is reflected by
their posterior frequency [2-5]. In contrast, maximum-likelihood and parsimony approaches to
find the single ‘best’ point estimate effectively collapse tree uncertainty and can result in false
confidence [2]. The ideal of using the multi-species coalescent to co-estimate genealogies and
the species tree [6] in a Bayesian framework is unfortunately limited to ~25 species (e.g.,
*BEAST [7,8]). ML-based models (e.g., ASTRAL-1I and ASTRAL-III [9,10]) have extended
applications of the coalescent to larger trees, but analyzing the breadth of Mammalia in this
context again only produces consensus trees, and requires subsequent steps of time calibration.
Overall, we emphasize that the ‘big tree’ territory beyond ~1000 species requires new types of
phylogenetic assumptions to overcome computational limits to co-estimation (S1 Fig).
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S1 Fig.

Trade-off between tree size and statistical uncertainty in the tree. Computational costs increase with
tree size and the realism of the evolutionary models, resulting in reduced ability to propagate uncertainty
in larger trees. We suggest a current upper limit for Bayesian co-estimation, beyond which performing
supermatrix analyses requires our backbone-and-patch approach (green) to divide the tree into smaller
sub-analyses.
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Our complex NCBI-to-IUCN taxonomic matchup (S2 Fig) produced a master taxonomy
of 5911 mammalian species for this study. We retained 5501 species names from the 5513
species in the original IUCN list, synonymizing 12 species within existing IUCN names
(“lumps”). We added 410 species to the [IUCN base taxonomy, as follows: (i) 367 new species
that were described since the ~2008 cutoff for most of the IUCN list (about 200 updates were
made between 2009-2014); (ii) 13 domestic species; and (iii) 30 recently extinct species. The
Mammal Diversity Database ([11,12]; https://mammaldiversity.org), which includes 6495 extant
and recently extinct species as of 15 August 2017 (version 1.0), was an outgrowth of our project
and continues to update mammalian taxonomy as new literature is published.
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Our master taxonomy merges the mammal lists of NCBI (genetic data) and IUCN (hame
authority). Bars representing each taxonomic list are sized proportionately to the number of names in
each list category. We conducted a baited BLAST search of NCBI using 31 genes, from which data was
returned for ~85% of the NCBI names (6247 of 7319; list of 20 April 2015). Steps of synonym matching
and taxon addition to the IUCN list resulted in our master taxonomy of 5911 species. Black corresponds
to the 4217 species initially with DNA, including 410 species we added to the IUCN list (newly described
species, domestic forms, or recently extinct), which was reduced to 4098 species after error-checking
steps (see S1 and S2 Data).

For the new species, we integrated these names to the master taxonomy either as derived
from portions of existing [IUCN names (“splits”; 33 species), or else as new discoveries (“de
novo”; 334 species). All splits had associated DNA sequences published with their taxonomic
changes, while 56% of de novo species had DNA sampling for 1 or more of our targeted
markers. Domestic species were in most cases sampled for all targeted loci (e.g., guinea pig,
camel, sheep, goat) and therefore helped anchor their wild relatives in the phylogeny. Each of the
recently extinct species that we added were sampled for at least 1 of our targeted loci and
therefore were useful for dividing long branches in the tree (e.g., Archeolemur, Mammut,
Mylodon). However, we did not attempt to add every Pleistocene extinct mammal (as did [13]).
We also matched 17 of the 77 extinct species from the IUCN list (either extinct in the wild or
overall) with 1 or more DNA sequences, yielding DNA for 47 of 107 extinct species in our list.
We additionally followed recent taxonomic revisions to give new genus assignments to 76
species in the IUCN list (denoted as “name transfers” in S1 Data; see file for full accounts and
references of taxonomic changes and the master taxonomy used in this study). Our master
taxonomic list contains 5804 species considered extant out of 5911 species total, which is nearly
400 more than MSW and IUCN (S1 Table).


https://mammaldiversity.org)/

S1 Table.
The master taxonomy of this study vs. existing authoritative
lists. Common authorities for mammals are Mammal Species of
the World, vol. 3 [14] (MSW3), International Union for the
Conservation of Nature [15] (IUCN), and the Mammal Diversity
Database (MDDJ[11)]).

raxe MSW3 UGN | MDD i
(this study)
Species
Total 5,416 5,513 6,495 5,911
Extinct 1 77 96 107
Living 5,415 5,436 6,399 5,804
Living wild 5,415 5,436 6,382 5,791
Genera 1,230 1,226 1,314 1,283
Families 153 149 167 162
Orders 29 24 27 27

The abundance of annotation errors on GenBank (e.g., incorrect taxon or gene
identifications; [16-18]) is well-known. To address this, we used a per-gene approach to
iteratively clean DNA data via (i) alignment, (ii) trees, and (iii) error-checking.

3.1 DNA alignments and pseudogenes

For the 26 coding fragments (mtDNA and exons), we aligned each to the appropriate
amino acid reading frame using MACSE v1.0 [19], aiming to minimize stop codons with
reference to per-gene guide alignments (e.g., from Meredith et al. [20]). This procedure allowed
us to identify 30 sequences with stop codons that we confirmed as nuclear mitochondrial copies
(numts) or pseudogenes; of these, 21 were replaced with another sequence from GenBank while
the remaining 9 had no appropriate replacement. Gene sequences of ENAM and IRBP containing
known loss-of-function stop codons were retained for enamel-absent (e.g., baleen whales,
xenarthrans) and blind (e.g., blind mole-rats) species of mammals, respectively. Additional
sequence alignment was performed in MAFFT version 7.245 [21] with manual checking.

We aligned the 5 non-coding (NC) nuclear genes using PRANK v.140603 [22], an
algorithm which is able to distinguish between insertions and deletion events in the alignment.
Ambiguity in the resulting alignments was reduced using the “-gappyout” method in trimAl
v1.2b [23] to exclude the most gap-rich columns of the alignment. We visually inspected all
alignments for clear errors in homology, and in several cases excluded unaligned (entirely non-
overlapping) sequences. The full list of excluded sequences is in S1 Data.



3.2 Gene tree construction and rogue taxon identification

We generated maximume-likelihood (ML) gene trees for several additional rounds of
sequence verification. We used RAXML v.8.2.3 [24], the GTRCAT model of DNA evolution,
and the “-f a” option to specify 1000 rapid bootstrap replicates for all gene trees. Outgroup
selection was a key step of this process since sequences of the same outgroup taxon were not
available across all 31 gene fragments. In fact, the analyses of Meredith et al. [20] suffered from
the same problem: 10 of the 27 gene fragments in their concatenated analyses lacked a non-
mammalian outgroup (3, 4, or 5 outgroup taxa were sampled for their remaining genes; S3
Table). When available (for 21 genes), we used the lizard Anolis carolinensis as the outgroup to
mammals, since together they form the clade Synapsida [25]. Otherwise, for 4 genes we used a
monotreme outgroup (Ornithorhynchus anatinus) to a therian ingroup, and for 6 genes a
marsupial outgroup (Monodelphis domestica) to a placental ingroup (S3 Table). For those 10
genes, we pruned alignments to the ingroup and single outgroup for purposes of sequence
validation, but in downstream analyses retained all mammals.

For each gene, we identified ‘rogue taxa’ [26,27] using RogueNaRok v1.0 [27] on the
best-scoring ML tree and bootstrap sample of 1000 trees as input. Rogues are the taxa most
variable in gene tree placement due to ambiguous phylogenetic signal in a particular sequence
[28]. We expected the number of rogues in an alignment to be related to the site-by-taxon
coverage pattern, and to corresponding metrics of fractional decisiveness used to measure a
matrix’s power to distinguish between terraces of phylogenetic trees with similar likelihood [29].
By pruning out rogues, we improved the overall information content of resulting gene trees as
measured using the relative bipartition information criterion (RBIC) [27]. This procedure was
therefore conservative. The number of rogues identified per gene varied from 2 (ENAM; 0.8% of
input sequences) to 237 (CYTB; 6.2%), with a mean of 49.6 rogues per gene (6.8%). In total, we
identified 1537 rogues that, when excluded from each alignment, improved mean per-gene RBIC
by 0.014 (max: 0.025 in ADORA3).

To test whether excluding additional rogue sequences might further improve alignments,
we built a second round of ML gene trees on the rogue-pruned alignments as input for
RogueNaRok. We found that a mean RBIC improvement of 0.002 per gene could be obtained by
excluding 354 more rogues (mean of 11 per gene). However, given this small change we decided
instead to retain those DNA sequences to maximize taxon sampling.

3.3 Visual error-checking of gene trees

We identified an additional 73 erroneous sequences by visually examining each ML gene
tree after rogue-taxon exclusion. We flagged sequences based on expectations of monophyly in
established higher clades (e.g., orders), and then investigated each flagged sequence for errors in
labeling or alignment. Of these sequences, 28 were NCBI author-based errors of sequence
contamination or mislabeling (including four cases of Rattus contamination), as well as four
additional pseudogene sequences. We also note that four sequences from Meredith et al. [20]
appear to be mis-annotated: COI: Sapajus apella (Primates; JN380205) as identical to Canis
lupus (Carnivora; KF661058); CREM: Pecari tajacu (Artiodactyla; JIN633478) as highly similar
to Ailuropoda melanoleuca (Carnivora); RAG2: Cratogeomys castanops (Geomyidae;
JN633333) as more similar to Octodontomys gliroides (Octodontidae; JN633335) than other
Geomyidae; and VWEF: Ctenomys boliviensis (Ctenomyidae; JN415078) as more similar to
Proechimys (Echimyidae) than other Ctenomyidae. All erroneous sequences were excluded from



downstream analyses (see S1 Data for the full details of pseudogenes, stop codons, rogue taxa,
and contaminants detected, with accession numbers).

In total, our error-checking steps excluded 1618 sequences across all genes (i.e., 7.2% of
the 22,504 individual DNA sequences; S2 Table). This corresponded to excluding 119 species
from the 31-gene supermatrix due to unreliable data, yielding 4098 species with at least 1 gene
fragment present and validated in the final supermatrix (S3 Fig for genetic sampling of genera
and families).

3.4 Final gene trees

Final gene trees were calculated in RAXML with the GTRCAT model and 1000 rapid
bootstrap replicates. These large phylogenies were plotted in the R programming language [30]
using the function “splitplotTree” in the phytools package [31], and with nodal support values
annotated using the phyloch package (final gene tree files and plotted versions in S2 Data).
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S2 Table.

Results from BLAST searches for each of the 31 gene fragments used in this study. Successive steps
to parse results to unique NCBI species and subspecies names, match NCBI names to initially accepted
names in the master taxonomy, and then manual addition (+) and removal (-) steps of error checks to
yield per-gene final accepted species (excl. = excluded).

1) ) (4a) (4b) (4c) (4d)
Unique  Unique 3) Added Stop  Rogue Visual (5) Error-
BLAST NCBI Initial manual codons taxa  errors Final  check

Gene Region hits taxa species (+) ) () () species  excl.
A2AB exon 792 343 323 0 0 19 15 289 34
ADORA3 exon 746 500 476 1 0 46 3 428 48
ADRB?2 exon 662 245 235 0 0 16 2 217 18
APOB exon 1480 681 603 4 1 17 3 586 17
APP NC 1028 472 453 0 0 39 0 414 39
ATP7 exon 670 506 485 0 0 17 0 468 17
BCHE exon 462 340 324 0 0 16 0 308 16
BDNF exon 1241 625 590 5 4 84 0 507 83
BMI1 NC 400 243 232 0 0 40 1 191 41
BRCA1 exon 2350 1,095 992 5 0 25 3 969 23
BRCA2 exon 522 326 309 0 0 3 0 306 3
CNR1 exon 744 399 378 0 0 23 0 355 23

Col mtDNA 49,049 2,326 1,852 0 0 158 9 1,685 167
CREM NC 1889 403 385 0 0 51 3 331 54

CYTB mtDNA 89,218 5,375 3,787 41 3 237 8 3,580 207
DMP1 exon 684 455 434 0 0 14 5 415 19
EDG1 exon 655 359 341 0 1 26 2 312 29
ENAM exon 372 262 249 0 0 2 0 247 2
FBN1 NC 422 345 331 0 0 26 4 301 30
GHR exon 2113 1,141 1,071 19 0 113 0 977 94
IRBP exon 3361 1,534 1,412 0 0 67 1 1,344 68
ND1 mtDNA 32,483 1,212 1,007 0 0 45 1 961 46
ND2 mtDNA 32,902 1,175 1,014 6 0 37 1 982 32
PLCB4 NC 922 554 526 0 0 48 0 478 48
PNOC exon 701 482 460 0 0 47 3 410 50
RAG1la exon 1,234 727 682 0 0 44 0 638 44
RAG1b exon 1,871 1,066 983 31 0 75 4 935 48

RAG2 exon 2139 1,108 1,018 4 0 131 3 888 130
TTN exon 764 375 363 0 0 19 0 344 19
TYR1 exon 690 380 363 0 0 28 0 335 28
VWF exon 1276 866 826 19 0 23 2 820 6

Total sequences 209,294 25,920 22,504 135 9 1,536 73 21,021 1,483
Total unique taxa 6,247 4,217 --- --- --- 4,098 119
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4.1 Supermatrix and PartitionFinder

Concatenation of the 31 gene fragments was performed in Geneious v.9.1 [32], resulting
in a sites-by-taxon supermatrix of 39,099 base pairs (bp) and 4098 species (11.9% complete for
ungapped sites). We evaluated partitioning schemes for the supermatrix using PartitionFinder
v.1.1.1 [33] and three a priori sets of partitions: (i) 83 partitions, one for each coding gene by
codon position (26 x 3) plus the five non-coding genes; (ii) 31 partitions, one for each gene; and
(iii) 11 partitions, one for each nuclear and mtDNA coding region by codon position (2 x 3) plus
the 5 non-coding genes. We ran PartitionFinder using the full concatenated alignment, relaxed
cluster searching (top 10% of schemes; [34]), linked branch lengths, and BIC model selection,
finding that those partition sets could be reduced to 38, 19, and 9 partitions, respectively.

The best BIC score was for the simplest 9-partition model (6,790,459.3; the 38- and 19-
partition models had BIC scores of 6,844,238.7 and 6,933,022.3). This model has a combined
partition for APP, CREM, and FBN1, and then 1 partition each for BMI1; PLCB4; and first,
second and third codon partitions for nDNA exons as well as for mtDNA fragments. We
subsequently used the 9-partition model for all ensuing phylogenetic analyses.

h clad I letion of miss :

For each patch clade, we performed four parallel runs of MrBayes on XSEDE, each run
consisting of four chains of Markov chain Monte Carlo (MCMC; 3 heated and 1 cold), and
sampled every 10,000 steps for 33,330,000 generations. Here is an example:

begin MRBAYES;
<define charsets of 9 partitions>

partition matrices = 9: nDNA posl, nDNA pos2, nDNA pos3, mtDNA posl,
mtDNA pos2, mtDNA pos3, APP CREM FBN1, BMI1l, PLCB4;

set partition = matrices;

lset applyto = (all) nst=6 rates=gamma; [GTR+G model]

unlink statefreg=(all) revmat=(all) shape=(all); [model unlink by partition]
prset applyto=(all) ratepr=variable; [partition-specific rates]

<define topology constraints>
prset topologypr=constraints(<list constraint names>)

prset brlenspr = clock:birthdeath; [clock trees, no fossils]

prset speciationpr = exp(10); [net diversification rate]

prset extinctionpr = beta(l,1); [relative extinction rate]

prset sampleprob = 1.0; [taxon sampling complete]

prset clockvarpr=igr; [independent gamma rates]

prset igrvarpr=exponential (10); [prior on IGR variance]

prset clockratepr = Fixed(1.0); [default: time unit is number
of expected
substitutions/site]

mcmcp ngen= 33330000 nruns=4 nchains=4

samplefreq=10000 printfreg=10000 savebrlens=yes; [mcmc settings]

propset ParsSPRClock (Tau{all},V{all})Swarp=0.01; [parsimony-based topology
proposals to speed up
searches]

mcmc; [start mcmc]



6. Fossil-dated backbone trees
6.1 Node-dating backbone analyses

Fossil calibrations for the constraint of mammalian node ages were selected from the

compendium of Benton et al. [35], as augmented by Philips [36], and using the following criteria

[37]:

(i) confidence in placement, especially in cladistic analyses; (ii) confidence in the

monophyly of the age-constrained node, which was a requirement of MrBayes; and (iii) lack of
conflict in age priors, determined both in proximity of node constraints and empirically with trial
runs in MrBayes. In total, we decided upon 17 optimal age constraints (also S5 Data):

1.

10.

11.

12.

13.

14.

15.

Mammalia: 164.9 Ma minimum age to 201.5 Ma maximum age (set by Jurassic-Triassic
boundary). Minimum defined by Ambondro mahabo, member of the monotreme clade
Australosphenida from the middle Jurassic (Bathonian) of Madagascar [35,38-40].
Monotremata: 15.97 to 113.0 Ma (lower Albian, early Cretaceous). Obdurodon dicksoni,
stem member of Ornithorhynchidae from the early Miocene (Burdigalian) of northwestern
Queensland, Australia [36,41,42].

Marsupialia: 47.6 to 131.3 Ma (lower Barremian, early Cretaceous). Djarthia
murgonensis, crown marsupial from the early Eocene (Y presian) of Murgon, Australia
[35,43].

Macropodoidea: 15.97 to 54.65 Ma (earliest Eocene). Ganguroo bilamina, stem or crown
member of Macropodidae (to the exclusion of Potoroidae from the early Miocene
(Burdigalian) of northwestern Queensland, Australia [36,44].

Theria: 156.3 to 169.6 Ma (lower Bathonian, middle Jurassic). Juramaia sinensis, stem
eutherian from the late Jurassic (Oxfordian) of the Northeastern China [35,40].
Placentalia: 61.6 to 164.6 Ma (lower Oxfordian, late Jurassic). Ravenictis krausei, stem
carnivoran from the early Paleocene (Danian) of Saskatchewan, Canada [35,45].
Afrotheria: 56.0 to 164.6 Ma (lower Oxfordian, late Jurassic). Eritherium azzouzorum,
stem proboscidean from the upper Paleocene (early Thanetian) of Morocco [35,46].
Xenarthra: 47.6 to 164.6 Ma (lower Oxfordian, late Jurassic). Riostegotherium yanei, stem
cingulate from the early Eocene (Ypresian) of Itaborai, Brazil [35,47].

Chiroptera: 45.0 to 58.9 Ma (lower Thanetian, Paleocene). Tanzanycteris mannardi, stem
member of Rhinolophoidea within Yinpterochiroptera from the middle Eocene (Lutetian)
of Tanzania [36,48].

Lagomorpha: 47.6 to 66.0 Ma (earliest Paleocene). Unnamed stem leporid fossils from the
early Eocene (Ypresian) of West-Central India [35,49].

Rodentia: 56.0 to 66.0 Ma (earliest Paleocene). Paramys atavus, stem member of
Sciuromorpha from the late Paleocene (Thanetian) of Montana, USA that is nested well
within crown Rodentia [35,50].

Caviomorpha-Phiomorpha: 40.94 to 56.0 Ma (upper Thanetian, latest Paleocene).
Cachiyacuy contamanensis, stem caviomorph rodent from the middle Eocene (Lutetian) of
Yahuarango, Peru [36,51].

Primates: 56.0 to 66.0 Ma (earliest Paleocene). Altiatlasius koulchii, stem anthropoid from
the late Paleocene (Thanetian) of Morocco [35,52].

Strepsirhini: 33.9 to 56.0 Ma (upper Thanetian, latest Paleocene). Karanisia clarki, stem
lorisiform or a crown strepsirrhine of uncertain affinities from the late Eocene (Priabonian)
of Faydm, Egypt [35,53,54].

Anthropoidea: 33.9 to 66.0 Ma (earliest Paleocene). Catopithecus browni, crown
Catarrhini from late Eocene (Priabonian) Faym, Egypt [35,54].



16. Artiodactyla: 52.4 to 66.0 Ma (earliest Paleocene). Himalayacetus subathuensis, stem
member of Cetacea from the early Eocene (Ypresian) of India [35,55,56].

17. Carnivora: 37.3 to 66.0 Ma (earliest Paleocene). Hesperocyon gregarius, stem caniform
from the middle Eocene (Bartonian) of Saskatchewan, Canada [35,57].

Monophyly constraints were enforced on each calibrated node plus the root, which we
calibrated with a uniform distribution of 318.0-332.9 Ma based on the stem diapsid Hylonomus
Iyelli (divergence between Eureptilia including Diapsida and Synapsida [35]). Three additional
calibrations in Benton et al. [35] were ultimately excluded due to conflicts among node age
priors during initial MrBayes runs: (i) Eulipotyphla: Adunator ladae, 61.6-164.6 Ma; (ii)
Euarchontoglires: extinct primate sister taxa such as plesiadapids (e.g., Paromomys farrandi),
61.6-164.6 Ma; and (iii) Glires: Mimotona lii, 56-164.6 Ma. It appears those calibrations
produced conflict with adjacent calibrations due to their extended maximum ages, which were
set to the earliest eutherian Juramaia [40] given the associated stratocladistic uncertainty [35].

6.2 Tip-dating backbone analyses

For morphological data, we focused on the study of Zhou et al. [58], which consists of
cladistic characters for extant and fossil mammals relevant to their interrelationships throughout
the Mesozoic (66—252 million years, Ma). Previous studies have also re-analyzed this data set
[59,60], and so served as comparisons for our work. Zhou et al. [58] originally had 84 fossil and
26 extant taxa that we trimmed to 76 fossil and 22 extant taxa. We removed 7 fossils allied to
crown placentals (Aspanlestes, Cimolestes, Eoungulatum, Glyptotherium, Gypsonictops,
Leptictis, and Protungulatum) and 1 taxon of unknown stratigraphic provenance (Eleuterodon).
Removing crown fossils avoided complications with the subsequent union of backbone and patch
clades (e.g., nesting Glyptotherium in the Xenarthra patch clade). However, we did retain
Obdurodon within the monotreme crown given its uncontroversial placement. We also removed
four extant taxa in Dasypodidae (Chaetophractus, Euphractus), Didelphidae (Marmosa), and
Pseudocheiridae (Pseudocheirus) since those families were already sampled by other extant
genera. We gathered stratigraphic ranges for sampled fossils from the Paleobiology Database
(https://paleobiodb.org/; downloaded on 9 February 2016). This direct download of fossil age
information provided a variety of stratigraphic sources and so usually gave wider age intervals
than previously used (e.g., Morganucodon 190.8-208.5 Ma and Juramaia 150.8-167.7 Ma
versus 199-203 Ma and fixed at 160 Ma, respectively, in Slater [59]). See S5 Data for full details
of the age ranges and taxon sampling used in FBD analyses. Note that by following the topology
of Zhou et al. [58] exactly, we constrained two shuotheriids (Shuotherium and Pseudotribos) to
be paraphyletic due to an apparent error their matrix.

ion of full dated lian ohvlogeni

There were three exceptions to the rescale-and-graft procedure described in the main text
Methods section. First, the patch clades for Monotremata, Marsupialia, and Lagomorpha were re-
scaled and attached at their inferred crown ages on the backbone (rather than the stem
divergences based on their outgroups). This was because their outgroup relationships with Rattus
(used as a genetically well-sampled representative of therians, placental, and rodents,
respectively) were apparently too distantly related (>75 Ma) for accurate estimation of the stem
branch length. Attaching via backbone crown ages was accomplished by keeping three extra taxa
(a monotreme, marsupial, and rabbit) on the backbone during step ‘(ii)” above, using a relative
scale of 1.0 for those three patches, and then pruning off the three extra taxa at the end.


https://paleobiodb.org/

Second, uncertainty in the sister relationships of Noctilionoidea, Vespertilionoidea, and
Emballonuroidea (see above section on “Patch clade delimitation™) required us to use the same
distant outgroup for all three clades (Pteropus alecto, Pteropodidae). As a result, we added a step
before ‘(iv) d’ that determined which three-taxon topology was recovered in each of the 10,000
backbone trees, and then used that information to re-scale and attach those patch clades. While
using the same outgroup is not ideal, it is a realistic outcome of backbone taxonomic uncertainty
among major lineages of bats [20,61,62].

Third, uncertainty in the sister relationships of several other patch clades (e.g.,
Nesomyidae, Muridae), coupled with node age variation on the backbone, resulted in a small
number of trees where the absolute scale of the patch’s stem edge was longer (older) than the
backbone tip edge for grafting. In these cases, which represented < 10% of trees, we used an
arbitrarily short branch of length 0.000001 to graft those clades onto the backbone. The same
solution was used in amphibians [63] and birds [64], where uncertainty of outgroup choice was
more common and patch clades more numerous (84 and 129 patch clades, respectively). Because
confidence in patch-clade and sister-taxon delimitation requires confidence in the backbone
relationships of any major radiation, we expect these limits to this backbone-and-patch strategy
of tree-building to persist, at least until disputed backbone nodes can be resolved or
computational limits on patch clade size lifted.

I Its and Discussi
I : : : | stui

8.1 Backbone divergence times

Most node ages are statistically equivalent between our node- and tip-dated
backbones, overlapping in their 95% highest posterior density (HPD) intervals (S4-S6
Figs). However, the substantially older root age for crown Mammalia in the tip-dated
backbone (245.9 Ma, 222.1-268.3), and implausible overlap of this estimate with the
Permian-Triassic extinction event [58], was one of several reasons that we chose to focus
on results from the node-dated distribution of trees in our primary analyses. Furthermore,
a few nodes are also significantly younger in the tip- than node-dated backbones: in
rodents, we find that Muroidea is ~15 Ma younger (e.g., nodes 52, 53, and 54 in S6 Fig);
and in yinpterochiropteran bats, node 39 is similarly young.

To examine how well our node-dating results compare to the fossil record, we
synthesized information on the oldest fossil genera per extant mammalian order (S4 Table; data
were gathered from the Paleobiology Database [65]). Fossil preservation waiting times (e.g.,
figure 1 in Brown et al. [66]), led us to expect phylogeny-based stem ages to be consistently
older than the oldest fossil assigned to each extant order. We found broad agreement with this
expectation, with maximum fossil ages overlapping the 95% HPD interval of stem age in all but
one case (S4 Table). Our stem age for Didelphimorphia was ~18 Ma younger than the fossil
Pariadens (93.5-105.3 Ma), which was assigned to “Family? Stagodontidae” by Cifelli [67] with
no reference to Didelphimorphia. Stagodontidae was later added to Didelphimorphia by Davis
[68] without reference to Pariadens, suggesting that it may instead attach to stem Marsupialia.
Eodelphis would then be the oldest stem didelphimorphian (Stagodontidae; 66—72.1 Ma [68]), in
line with our expectations of it being younger than our inferred stem age of 74.4 Ma (63.2, 87.1).
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S3 Table.

Divergence times relative to prior studies. Crown divergence mean estimates (Est) and 95% confidence intervals (CI, lower and upper) for each taxon listed,
with the 27 extant mammal orders in capital letters. Ages in gray are order-level divergences estimated near the Cretaceous-Paleogene (K-Pg) extinction, with
“near” defined as having 95% CI < 3 Ma of 66 Ma, while black ages have CIs >3 before 66 Ma. Our node-dated estimates are compared to global amino acid and
DNA dates [20], best estimate dates [69], combined 14K+Mit dates [70], rapid diversification posteriors [71], and fossil compendia [65,72]. Dates are missing if a
node was not recovered or lacked taxon sampling.

] Meredith et a Bininda-Emonds et Dos Reis et al Ronquist et al. Foley et al. )
This study (o11) al. (2007) (2012) (2016) (2016) PalcoBioDB
Fossil ~ Fossil  Fossil
crown crown  stem oldest
Taxon N Est Low Up Est Low Up Est Low Up Est Low Up Est Low Up min max max genus/order
Mammalia 5911 1884 1667 2109 2178 2033 2382 1662 Fixed Fixed 1847 1746 1919 1649 22
MONOTREMATA 5 382 135 794 367 224 1031 636 522 75 564 306 847 . : : 2 121 1225 Kryoryctes
Theria 5906 150.6 1563 1662 190 1672 2153 1474 1418 1531 1728 1685 1779
Marsupialia 32 794 679 928 818 679 972 85 714 937 760 643 836 . . . 65.18 83.8
PAUCITUBERCULATA 7 164 123 203 117 72 162 332 263 401 278 110 470 . . . . : 59.0 Bardalestes
DIDELPHIMORPHIA 106 383 313 452 314 23 384 562 459 677 505 394 604 . : : 1161 66 1053  Pariadens
Australidelphia 100 634 541 748 642 537 755 668 638 742 702 587 766
MICROBIOTHERIA . ' . ' . . . . . , , , , , , , . 66.0 Khasia
NOTORYCTEMORPHIA 2 61 36 90 . . . 93 83 102 . . . . . . . . 230 Naraboryctes
DASYUROMORPHIA 78 341 277 409 30 221 417 313 162 558 460 356 549 . : : 1597 5465 587 Gaylordia
PERAMELEMORPHIA 22 205 241 352 28 211 371 362 306 418 409 308 514 . . . 436 5465 284 Galadi
DIPROTODONTIA 146 487 411 575 528 424 64 541 524 558 575 465 649 . . . 247 5465 339  Cercartetus
Placentalia 5544 918 774 1050 1013 921 1168 985 932 1081 892 879 904 8 76 93 652 1315
Xenarthra 33 674 530 839 654 584 715 725 674 776 694 665 718 43 35 55 478 66
CINGULATA 21 376 217 479 . : : : : : : : : : : : : : 66.0  Proeuphractus
PILOSA 12 598 468 753 564 492 629 . . . 627 5715 669 . . . 315 66 587  Asiabradypus
Afrotheria 92 800 640 945 809 744 965 934 904 964 704 687 721 66 61 74
Afroinsectiphilia 75 775 624 923 786 718 952 932 902 962 647 612 679 56 45 66
AFROSORICIDA 55 704 565 858 682 568 68 MEEEEOUEEGEE : : : : : : : 633  Eudaemonema
MACROSCELIDEA 19 590 448 717 491 377 572 507 431 583 324 194 439 . : . 1597 56 660  Cingulodon
TUBULIDENTATA 1 ) ) ) ) ) ) ) . . . . . . . . . . 28.1 Orycteropus
Paenungulata 17 540 415 674 643 56 706 759 720 798 603 583 622 6l 47 68 59.2 72.3
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HYRACOIDEA
PROBOSCIDEA
SIRENIA
Boreoeutheria
Laurasiatheria
EULIPOTYPHLA
Erinaceidae
Solenodontidae
Soricidae
Talpidae
PHOLIDOTA
CARNIVORA
Caniformes
Feliformes
PERISSODACTYLA
ARTIODACTYLA
Ruminantia
Whippomorpha
Cetacea
CHIROPTERA
Yangochiroptera
Yinpterochiroptera
Euarchontoglires
Primatomorpha
SCANDENTIA
DERMOPTERA
PRIMATES
Catarrhini
Platyrrhini
Strepsirrhini

Glires

5419

2456

491

24

420

44

298

172

126

24

348

225

95

91

1287

902

385

2963

480

20

458

152

161

135

2483

10.0

10.1

14.3

83.5

75.1

74.3

46.7

10.9

47.2

40.6

27.1

40.2

34.5

38.7

58.4

34.0

39.3

25.9

57.1

70.4

52.8

9.6

67.1

20.7

17.0

49.6

43

4.8

7.0

15.4

22.6

94.8

84.1

83.6

53.7

55.2

47.7

47.9

40.4

45.0

67.1

41.3

46.4

38.6

66.0

68.4

76.9

24.6

20.1

6.1

53

314

92

84.6

77.3

3.9

1.8

25

82.9

70.7

16.9

47.4

39.6

74.1

73.7

45

4.5

64.3

11.2

50.2

34.4

107.6

96.1

92.9

85

79.8

60.9

20

31.4

66.5

98.4

85.3

46.9

67.1

47.9

61

73.7

345

34.5

74.3

34.5

54.2

41.8

48.5

48.1

34.4

59.2

50.7

68.2

70.8

76

3.4

12.6

74.8

732

15.9

38.7

84.9

39.6

39.4

62.3

42.9

50.1

36

60.7

54.6

69.2

81

75

56

44

54

55

76

65

58

73

74

68

44

35

47

43

69

58

52

66

6.08
6.8
413
90
82
69 61.6
61 38
38
55.5
60 525
525
34
65 47.8
478
85
73 65.2
34
65 38
20.55
118
38
81

11.62

11.62

59.2

66

56

38

37.3

56

56.0

59.2

56.0

48.6

66.0

56.0

Megalohyrax
Eritherium

Prorastomus

Litolestes

Cryptomanis

Pappictidops

Paschatherium

Basilosaurus

Ageina

Eodendrogale
Elpidophorus

Pandemonium
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LAGOMORPHA

91 509 47.6 560 502 474 569 643 60 687 479 459 493 . . . 53.7 616 56.0 Aktashmys
RODENTIA 2392 679 605 752 69 641 748 NEXEERYIEEEYE /4 635 653 67 61 73 56 66 587  Asiaparamys
Guinea_pig-related 304 617 530 693 611 561 683 565 520 685 323 195 432 . . . 40.94 56
Mouse-related 1768 650 584 716 651 607 700 810 784 845 600 551 567 . . . 54 66

Squirrel-related 320 498 421 574 605 555 642 801 782 811 528 427 584 . . . 47.8 616




S4 Table.

Fossil maximum stratigraphic ages per order relative to stem ages from our node-dated

phylogeny (95% HPD age of 10,000 trees). Fossil occurrences (occs.) per extant mammalian order
were gathered from the Paleobiology Database.

Fossil

Phylogeny stem ages

Order 0ces. Oldest fossil Frﬁsail Mean Min Max mDaI:(=f -(;ggsil
per genus
order age max)
MONOTREMATA 31 Kryoryctes 122.5 188.4 166.7 210.9 88.5
Marsupialia
PAUCITUBERCULATA 70 Bardalestes 59.0 79.4 67.9 92.8 33.8
DIDELPHIMORPHIA 281 Pariadens 105.3 74.4 63.2 87.1 -18.2
MICROBIOTHERIA 36 Khasia 66.0 63.4 54.1 74.8 8.8
DIPROTODONTIA 1011 Paljara 33.9 61.1 51.7 71.9 38.0
NOTORYCTEMORPHIA 2 Naraboryctes 23.0 60.0 50.6 70.6 47.5
DASYUROMORPHIA 202 Gaylordia 58.7 58.6 494 68.9 10.2
PERAMELEMORPHIA 79 Galadi 28.4 58.6 494 68.9 40.5
Placentalia
Xenarthra
PILOSA (=Xenarthra) 1184 Asiabradypus 58.7 67.4 53.0 83.8 25.1
CINGULATA 608 Proeuphractus 66.0 67.4 53.0 83.8 17.8
Afrotheria
AFROSORICIDA 192 Eudaemonema 63.3 74.8 61.0 90.8 27.5
MACROSCELIDEA 695 Cingulodon 66.0 74.8 61.0 90.8 24.8
TUBULIDENTATA 93 Orycteropus 28.1 77.5 62.4 92.3 64.2
SIRENIA 438 Prorastomus 56.0 54.0 415 67.3 11.3
PROBOSCIDEA 2665 Eritherium 59.2 50.2 385 63.8 46
HYRACOIDEA 176 Megalohyrax 56.0 50.2 385 63.8 7.8
Laurasiatheria
EULIPOTYPHLA 1442 Litolestes 61.7 75.1 66.3 84.1 22.4
CHIROPTERA 770 Ageina 56.0 70.0 61.7 79.3 23.3
ARTIODACTYLA 16374 Basilosaurus 66.0 61.9 53.1 69.6 3.6
PERISSODACTYLA 8948 Paschatherium 59.2 61.9 53.1 69.6 10.4
CARNIVORA 8877 Pappictidops 66.0 60.6 52.6 69.6 3.6
PHOLIDOTA 16 Cryptomanis 48.6 60.6 52.6 69.6 21.0
Euarchontoglires
PRIMATES 3181 Pandemonium 66.0 70.4 61.7 79.8 13.8
DERMOPTERA 29 Elpidophorus 63.3 60.9 50.1 72.4 9.1
SCANDENTIA 7 Eodendrogale 48.6 60.9 50.1 72.4 23.8
LAGOMORPHA 1971 Aktashmys 56.0 72.4 64.4 81.1 25.1
RODENTIA 15928 Asiaparamys 58.7 72.4 64.4 81.1 224
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S5 Table.

Per clade summary of tip-level diversification rate (tip DR). Tip DR median, 95% confidence
interval, and the skew in a given clade across 10,000 node-dated trees. Tests of the clade tip DR versus
the (non-clade) background rate used the Mann-Whitney U statistic: greater (>, grayed), lesser (<), or
not significant (NS).

Low High Mann-Whitney
Taxon Richness Median (2.5%) (97.5%)  Skew U-test
Mammalia 5804 0.211 0.056 0.480 0.145 .
MONOTREMATA 5 0.022 0.015 0.022  -1.200 ok <
RODENTIA 2354 0.208 0.061 0.482 1.193 NS
Mouse-related 1742 0.203 0.060 0430  0.726 * <
Squirrel-related 320 0.213 0.076 0.501 0.835 NS
Guinea pig-related 292 0.233 0.057 0.684 1.090 > >
LAGOMORPHA 90 0.265 0.113 0.543 0.595 ok >
CHIROPTERA 1282 0.180 0.062 0.442 1.585 ok <
Yinpterochiroptera 381 0.225 0.072 0.647 1.216 ok >
Yangochiroptera 901 0.162 0.059 0.351  0.720 b <
EULIPOTYPHLA 484 0.229 0.053 0.486 0.753 NS
Soricidae 414 0.243 0.086 0.491  0.847 ok >
Talpidae 44 0.128 0.043 0221 -0.003 ok <
Erinaceidae 24 0.113 0.033 0.133  -0.797 Feek <
SCANDENTIA 20 0.110 0.022 0.137  -1.163 ok <
DERMOPTERA 2 , _ _ _ _
PRIMATES 450 0.326 0.093 0.480  -0.431 Hkx >
Simiiformes 309 0.345 0.183 0500  -0.127 i >
Catarrhini 149 0.346 0.174 0511  -0.013 ok >
Platyrrhini 160 0.344 0.221 0.487  -0.211 ok >
Strepsirrhini 131 0.259 0.084 0.397  -0.194 *x >
PERISSODACTYLA 18 0.106 0.062 0.171 0.074 ok <
ARTIODACTYLA 338 0.248 0.079 0.537 0.432 ok >
Ruminantia 217 0.260 0.090 0.502 0.163 ok >
Whippomorpha 93 0.247 0.075 0.602 0.599 ok >
PHOLIDOTA 8 0.057 0.054 0.072 0.983 ok <
CARNIVORA 286 0.238 0.084 0.458 0.305 Hkx >
Feliformes 122 0.259 0.089 0473  0.153 ok >
Caniformes 164 0.232 0.084 0.426  0.398 * >
CINGULATA 21 0.068 0.047 0.092  -0.034 kx <
PILOSA 10 0.047 0.024 0.058  -0.742 ok <
AFROSORICIDA 55 0.082 0.032 0.149 0.189 *okk <
MACROSCELIDEA 19 0.061 0.044 0.068  -0.630 ok <
TUBULIDENTATA 1
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PROBOSCIDEA

HYRACOIDEA
SIRENIA

Marsupialia 350
DIPROTODONTIA 139
DIDELPHIMORPHIA 105
DASYUROMORPHIA 77
PERAMELEMORPHIA 19
NOTORYCTEMORPHIA 2
PAUCITUBERCULATA 7
MICROBIOTHERIA 1

0.063

0.207
0.262
0.207
0.183
0.189

0.084

0.056

0.055
0.055
0.075
0.104
0.102

0.070

0.063

0.414
0.530
0.336
0.270
0.215

0.099

-0.408

0.752
0.325
0.008
0.058
-1.031

-0.155

*kx

NS
*kx

NS

*%

NS

*kk

*** P <0.001; ** P<0.01; *P<0.05
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Eomﬂhomynchus anatinus ORNITHORHYNCHIDAE MONOTREMATA
Tachyglossus acu/ea[us TACHYGLOSSIDAE MONOTREMATA
CAENOLESTIDAE PAUCITUBERCULATA
Didelphis virginiana DIDELPHIDAE DIDELPHIMORPHIA
Dr gliroides MICROBIOTHERIIDAE MICROBIOTHERIA
Notoryctes typhlops NOTORYCTIDAE NOTORYCTEMORPHIA
DASYURIDAE DASYUROMORPHIA
Macrotis lagotis THYLACOMYIDAE PERAMELEMORPHIA
ERAMELIDAE EMORPHIA

Vombatus ursinus VOMBATIDAE DIPROTODONTIA
Phascolarctos cinereus PHASCOLARCTIDAE DIPROTODONTIA
ACROBATIDAE DIPROTODONTIA
Petauroides volans PSEUDOCHEIRIDAE DIPROTODONTIA
Phalanger gymnotis PHALANGERIDAE DIPROTODONTIA
Aepyprymnus rufescens POTOROIDAE DIPROTODONTIA
-Macropus eugeml MACROPODIDAE DIPROTODONTIA
Dasypus DASYPODIDAE CINGULATA

fypi i BRADYPODIDAE PILOSA
MYRMECOPHAGIDAE PILOSA
Trichechus manatus TRICHECHIDAE SIRENIA
Loxodonta africana ELEPHANTIDAE PROBOSCIDEA
Procavia capensis PROCAVIIDAE HYRACOIDEA
Orycteropus afer ORYCTEROPODIDAE TUBULIDENTATA
Chrysochloris asiatica CHRYSOCHLORIDAE AFROSORICIDA
Rhynchocyon petersi MACROSCELIDIDAE MACROSCELIDEA
ERINACEIDAE EULIPOTYPHLA
Pteropus alecto PTEROPODIDAE CHIROPTERA
Pteronotus parnellii MORMOOPIDAE CHIROPTERA
Saccopteryx bilineata EMBALLONURIDAE CHIROPTERA
Eptesicus fuscus VESPERTILIONIDAE CHIROPTERA
Equus caballus EQUIDAE PERISSODACTYLA
Bison bison BOVIDAE CETARTIODACTYLA
Lama glama CAMELIDAE CETARTIODACTYLA
MANIDAE PHOLIDOTA
Canis lupus CANIDAE CARNIVORA

1834 Felis catus FELIDAE CARNIVORA

Mephitis mephitis MEPHITIDAE CARNIVORA

60 Tupaia be/anger/ TUPAIIDAE SCANDENTIA
CYNOCEPHALIDAE DERMOPTERA
Lemu/ catta LEMURIDAE PRIMATES
Nycticebus coucang LORISIDAE PRIMATES
Tarsius syrichta TARSIIDAE PRIMATES
Callithrix jacchus CALLITRICHIDAE PRIMATES
Gorilla gorilla HOMINIDAE PRIMATES
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o1 5 6.8
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E ' Typhlomys cinereus PLATACANTHOMYIDAE RODENTIA
SPALACIDAE RODENTIA
Calomyscus baluchi CALOMYSCIDAE RODENTIA
4 i Cricetomys gambianus NESOMYIDAE RODENTIA

Q ricetulus is CRICETIDAE RODENTIA
Rattus norvegicus MURIDAE RODENTIA
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S4 Fig. Full node-dated backbone
phylogenies. These were constructed
using (a) exponential node priors
(NDexp) or (b) uniform priors (NDuni)
in MrBayes based on 17 fossil
calibrations and molecular data from
our 31-gene supermatrix. Topology is
the maximum clade credibility tree of
10,000 phylogenies. Median ages and

-Calomyscus baluchi CALOMYSCIDAE RODENTIA
-Cricetomys gambianus NESOMYIDAE RODENTIA

Upper
Lower
Middle
Upper
Lowei
Upper
Paleocene
Eocene
Oligocene
Miocene

Cretaceous Paleogene leogend

Mesozoic Cenozoic

S B
4 o

CRICETIDAE RODENTIA

ke ricetulus i
Rattus norvegicus MURIDAE RODENTIA

°
o
S 3 °

95% highest posterior density intervals
are displayed at nodes. Node circles
indicate posterior probability (PP)
values of > 0.95 (black), 0.94-0.75
(grey), <0.75 (white).



246,

233.7,

214,

ricetulus barabensis CRICETIDAE RODENTIA
)DENT]

Anomalurus beecrofti ANOMALUFHDAE F)ODENT/A
edetes capensis PEDETIDAE RODEN;

astor is CASTORIDAE RODENT/A
Erethizon dorsatum ERETHIZONTIDAE RODENTIA
-ukomys damarensis BATHYERGIDAE RODENTIA
Z ic i SCIURIDAE RODENTIA
Ochotona princeps OCHOTONIDAE LAGOMORPHA
Oryctolagus cuniculus LEPORIDAE LAGOMORPHA
allithrix jacchus CALLITRICHIDAE PRIMATES

emur catta LEMURIDAE PRIMATES
lycticebus coucang LORISIDAE_PRIMATES
aleopterus variegatus CYNOCEPHALIDAE DERMOPTERA
Tupaia belangeri TUPAIDAE SCANDENTIA
anis lupus CANIDAE CARNIVORA
lephitis mephitis MEPHITIDAE CAHNIVOHA
Felis catus FELIDAE CARNIVOI
fanis pentadactyla MANIDAE ErioLipoTa
ison bison BOVIDAE CETARTIODACTYLA
ama glama CAMELIDAE CETARTIODACTYLA
¥ quus caballus EQUIDAE PER
— ptesicus fuscus CESPERTILIONIDAZ. CHISOPTERA
10,53 accoptery bilneata EMBALLONURIDAE CHIFOPTERA
panelii MORMOOPIDAE. CHIROPT:
Y—P:smpus aleclo F'TEFIOFODIDAE CHIRO!
R NACEIDAE EULiPOTYPHLA
X radypus tridactylus BRADYPODIDAE PILOSA
4 Tamandua tetradactyla MYAMECOPHAGIDAE PILOSA
YPODIDAE CINGULATA
hrysochlons Teatan, CHRYSOUHLORIDAL AFROSORICIDA
hynchocyan petersi MACROSCELIDIDAE MACROSCELIDEA
ater ORYCTEROPODIDAE. TUBULIDENTATA
rocavia capensis PROCAVIDAE HYRACOID!
oxodonta africana ELEPHANTIDAE PFIOBOSCIDEA
Trichechus manatus TRICHECHIDAE SIRENIA

X Asioryctes

X Ukhaatherium
Zalambdalestes
-X Kennalestes

-X Daulestes

-X Montanalestes

Aepyprymnus rufescens POTOF)OIDAE D/PROTODDNT/A

lacrotis lagotis THYLAC( 0 D PER;

Perameles bougainville PERAMELIDAE PERAMELEMORPHIA
D: DASYURIDAE DASYUROMORPHIA
lotoryctes typhlops NOTORYCTIDAE NOTORYCTEMORPHIA
Dr gliroides MICROBIOTHERIIDAE M/CROB/OTHERIA
Didelphis Vlrgl iana DIDELPHIDAE DIDELPHIMORPI
CAENOLESTIDAE PAUCITUEERCULATA

X Pucadelphys
-X Mayulestes

167. -X Holoclemensia
Sinodelphys
X Aegialodon

-X Kielantherium

-X Peramus
-X Nanolestes

X Dryolestes

Henkelotherium

X Amphitherium
128.55-X Zhangheotherium

"X Akidolestes
-X Plagiaulacidae
"X Kuehneodon

-X Sinobaatar

19
142

&
-X Jeholodens

-X Yanoconodon
Trioracodon

Priacodon

132.1

Repenomamus

195.¢

1.7, rnithorhynchus anatinus ORNITHORHYNCHIDAE MONOTREMATA
Obdurodon

aculeatus TACHYGLOSSIDAE MONOTREMATA

X Bishops
X Auskiribosphenos

315.!

X Haramiyavia
X Thomasia

] S5 Fig. Full tip-dated backbone
phylogeny. This was constructed using
. fossilized birth-death (FBD) in MrBayes

X Sineleutherus

based on the morphological matrix of

Castorocauda

Zhou et al. (2013) and molecular data

X Tritylodontidae

Pennsylvanian

o
Yo}
[s2]

300
250

200

from our 31-gene supermatrix. Topology
is the maximum clade credibility tree of
10,000 phylogenies. Median ages and
95% highest posterior density intervals
are displayed at nodes. Node circles
indicate posterior probability (PP) values
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Crown Crown
placentals placentals
| Mammalia ; M
Node-dated exponential Node-dated uniform Tip-dated (FBD)
Node| Median Low  Up  Width| Median Low Up Width| Median Low Up Width
29 | 1873 166.7 210.9 442 | 192.7 1773 201.5 242 | 246.1 222.1 2683 463
30 [ 1585 1563 1662 9.9 162.3 1563 168.7 124 | 189.0 1725 207.0 345
31 91.3 77.4 1050 27.6 93.4  83.0 1062 232 93.5 772 1105 333
32 83.1 73.1 947 21.7 84.3 76.1 929 16.8 814 685 992 30.6
33 750 663 841 178 75.3 66.7 839 172 71.7 584 86.7 283
34 69.7 617 793 177 702 627 7777 150 63.2 51.7 749 233
35 66.0 582 745 163 66.5 60.0 744 145 58.6 492 695 202
36 60.1 526 69.6 17.0 61.1 53.0 692 162 51.8 414 645 23.1
37 61.5 531 69.6 164 62.0 552 693 14.1 527 429 632 203
38 56.8 487 660 174 570 526 589 63 492 40.1 61.6 215
39 517 453 588 135 52.5 486 569 84 39.3 299 469 17.0
40 48.5 437 549 112 498 463 537 75 33.0 264 411 147
41 767 678 873 195 76.1 69.2 837 145 74.1 648 953 306
42 702 61.7 79.8 182 705 634 793 159 68.7 53.6 892 35.6
43 60.7 50.1 724 223 609 49.0 715 225 609 432 783 35.1
44 723 644 8l.1 16.6 708 657 784 127 69.7 59.9 90.1 30.1
45 679 605 751 14.6 65.1 624 66.0 3.6 65.2 547 79.7 25.0
46 62.7 539 705 16.6 60.5 547 65.1 104 584 465 753 288
47 650 584 716 133 62.8 59.1 654 63 60.8 50.6 746 24.0
48 62.8 558 694 13.6 60.9 56.8 643 715 586 484 730 24.6
49 59.7 528 658 13.0 584 543 624 8.1 50.6 422 614 193
50 57.0  50.7 635 128 56.3 51.8 605 8.7 468 393 565 17.1
51 537 472 60.0 129 54.3 498 583 85 416 358 513 155
52 50.7 457 557 10.0 51.8 480 555 74 345 287 400 113
53 492 446 541 95 504 46.8 542 74 312 272 368 9.6
54 476 435 523 89 492 457 526 69 285 255 330 75
55 84.0 700 976 277 85.5 750 972 222 - - - -
Mean width of 95% HPD 17.0 12.5 24.1

S6 Fig. Comparison of results from three methods used to time-calibrate the backbone. Each method is pruned
to the 28 patch clade representatives: (a) fossilized birth-death (FBD) where fossil taxa are placed as extinct tips in

the tree (left side) and then pruned (right side); and node-dating (ND) approaches setting priors as (b) exponential

priors from minimum to soft-max ages, and (¢) uniform priors spanning minimum to maximum ages. Trees are
maximum clade credibility summaries of 10,000 trees. Circles at nodes indicate posterior probability (PP) values of >
0.95 (black), 0.94-0.75 (grey), < 0.75 (white), with the values < 0.95 given. (d) Inferred ages for backbone nodes are
compared across methods, as based on the ND tree. Note that the FBD trees did not recover node 55 (see part a and

S5 Fig).
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S7 Fig. Effect of gene sampling per species upon tip DR estimates. Compared are the per-species (a) variances and
(b) medians in tip DR across 10,000 node-dated trees vs. the number of genes (0—31) sampled in the global DNA
supermatrix. Completed trees are those where no-DNA species (0 genes) were added using PASTIS during MrBayes
runs (see Supplementary Methods, section 5). As expected, variance in tip DR estimates is higher for completed
species (note the different y-axes from left to right panel in part a). However, median tip DR estima