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1 Supplementary figures
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Figure S1: Frequency of five-taxon species tree topologies sampled from a birth-death prior distribution.
Topologies were sampled by simulating trees using biopy (red), or by using a StarBEAST2 MCMC
chain (blue). Frequencies are identical apart from noise, indicating that StarBEAST2 is mathemati-
cally correct. Three levels of probability are evident from left to right — high probability balanced
topologies e.g. ((a,b),((c,d),e)), middle probability intermediate topologies e.g. (((a,b),(c,d)),e), and
low probability unbalanced topologies e.g. ((((a,b),c),d),e).
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Figure S2: Frequency of five-taxon gene tree topologies sampled from a multispecies coalescent prior
distribution. Topologies were sampled by simulating gene trees within species trees using biopy (red),
or by using a StarBEAST2 MCMC chain (blue). Gene trees were sampled with two clock rates, 0.5
(circles) and 2.0 (triangles), although clock rate should not affect topology or node heights in units of
time. Frequencies are identical apart from noise, indicating that StarBEAST2 is mathematically correct.
Three levels of probability are evident from left to right — high probability balanced topologies e.g.
((a,b),((c,d),e)), middle probability intermediate topologies e.g. (((a,b),(c,d)),e), and low probability
unbalanced topologies e.g. ((((a,b),c),d),e).
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Figure S3: Probability densities of five-taxon species tree node heights sampled from a birth-death
prior distribution. Node heights were sampled by simulating trees using biopy (red), or by using a
StarBEAST2 MCMC chain (blue). Probability densities are plotted separately for each ranked node
giving four peaks, one for each internal node. Node height probability densities are identical apart from
noise, indicating that StarBEAST2 is mathematically correct.
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Figure S4: Probability densities of five-taxon gene tree node heights sampled from a multispecies coales-
cent prior distribution. Node heights were sampled by simulating gene trees within species trees using
biopy (red), or by using a StarBEAST2 MCMC chain (blue). Gene trees were sampled with two clock
rates, 0.5 and 2.0, and node heights from both sets of gene trees were combined as clock rate should
not affect topology or node heights in units of time. Probability densities are plotted separately for
each ranked node giving four peaks, one for each internal node. Node height probability densities are
identical apart from noise, indicating that StarBEAST2 is mathematically correct.
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Figure S5: Probability densities of five-taxon gene tree branch rates produced by a species tree uncor-
related lognormal (UCLN) relaxed clock. Branch rates were sampled by simulating gene trees within
species trees using biopy and simulating species tree branch rates using scipy (red), or by using a Star-
BEAST2 MCMC chain (blue). Gene trees were sampled with two clock rates, 0.5 and 2.0, resulting in

two peaks. Branch rate probability densities are identical apart from noise, indicating that StarBEAST?2
is mathematically correct.
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Figure S6: Probability densities of five-taxon gene tree branch rates produced by a species tree uncor-
related exponential (UCED) relaxed clock. Branch rates were sampled by simulating gene trees within
species trees using biopy and simulating species tree branch rates using scipy (red), or by using a Star-
BEAST2 MCMC chain (blue). Gene trees were sampled with two clock rates, 0.5 and 2.0, resulting in

two peaks. Branch rate probability densities are identical apart from noise, indicating that StarBEAST?2
is mathematically correct.
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Figure S7: Number of erroneous per-species substitution rates estimated using BEAST concatenation
and StarBEAST2. Erroneous branch rates are those with 95% credibility intervals which do not include
the true rate of 1. Numbers above a branch are the counts of erroneous branches for concatenation, and
those below are the counts for StarBEAST2, both out of 96 replicates. The first count is the number of
branch rates inferred to be faster than 1, and the second is the number inferred to be slower than 1.
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Figure S8: Number of erroneous branch lengths estimated using BEAST concatenation and Star-
BEAST?2. Erroneous branch lengths are those with 95% credibility intervals which do not include
the true simulated length for a given branch. Numbers above a branch are the counts of erroneous
branches for concatenation, and those below are the counts for StarBEAST2, both out of 96 replicates.
The first count is the number of branch lengths inferred to be longer than the true length, and the
second is the number inferred to be shorter.
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Figure S9: Impact of operators, population size integration and clock models on the calculation time for
each state. Topology refers to the replacement of naive nearest-neighbor interchange and subtree prune
and regraft operators with coordinated operators. Height refers to the addition of operators which make
coordinated changes to node heights. Uncorrelated log-normal relaxed clocks were applied to either each
gene tree (GT-UCLN) or to the species tree (ST-UCLN). N > 30.
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Figure S10: Accuracy of different methods applied to simulated data. Methods are StarBEAST2,
*BEAST and unphased BEAST concatenation with uncorrelated log-normal relaxed clocks applied to
the gene tree (GT-UCLN) or to the species tree (ST-UCLN). (A) Trimmed mean of relative species tree
error, a measure of branch length error. (B) Trimmed mean of mean pendant edge bias, which measures
biased estimates of the ages of extant species. (C) Trimmed mean of mean rooted Robinson-Foulds
(RF) distances, a measure of topological error. 25% trim was used to reduce the influence of outliers.
All error bars are 95% confidence intervals calculated by bootstrapping. N > 22.
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Figure S11: Estimates of species tree branch rates using unphased BEAST concatenation versus Star-
BEAST2. Estimated rates are the posterior expectations of each branch rate from each replicate. Root
branch rates, which were fixed at 1, were excluded. In blue are simple linear regression lines of best fit,
and in red are the y = x lines showing a perfect relationship between estimates and truth. N > 22.
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2 Supplementary tables

Table S1: Key for tested configurations.

Key Method Clock model | Co-ops Popsizes Loci DNA
beast-1x-00 Concatenation Strict NA NA 26 Phased
beast-1x-01 Concatenation Strict NA NA 26 Unphased
beast-1x-20 Concatenation | ST-UCLN NA NA 26 Phased
beast-1x-21 Concatenation | ST-UCLN NA NA 26 Unphased
beast-5x-00 Concatenation Strict NA NA 130 Phased
beast-5x-01 Concatenation Strict NA NA 130 Unphased
beast-5x-20 Concatenation | ST-UCLN NA NA 130 Phased
beast-5x-21 Concatenation | ST-UCLN NA NA 130 Unphased

starbeast1-1x-00 *BEAST Strict Neither MCMC | 26 (50) | Phased
starbeast1-1x-10 *BEAST GT-UCLN | Neither MCMC | 26 (50) | Phased
starbeast2-1x-00 | StarBEAST2 Strict Neither MCMC 26 Phased
starbeast2-1x-01 | StarBEAST2 Strict Neither | Analytical 26 Phased
starbeast2-1x-02 | StarBEAST2 Strict Heights MCMC 26 Phased
starbeast2-1x-03 | StarBEAST2 Strict Heights | Analytical | 26 (50) Phased
starbeast2-1x-04 | StarBEAST2 Strict Topology | MCMC 26 Phased
starbeast2-1x-05 | StarBEAST2 Strict Topology | Analytical 26 Phased
starbeast2-1x-06 | StarBEAST2 Strict Both MCMC 26 Phased
starbeast2-1x-07 | StarBEAST?2 Strict Both Analytical 26 Phased
starbeast2-1x-10 | StarBEAST2 | GT-UCLN Neither MCMC 26 Phased
starbeast2-1x-11 | StarBEAST2 | GT-UCLN Neither | Analytical 26 Phased
starbeast2-1x-12 | StarBEAST2 | GT-UCLN | Heights MCMC 26 Phased
starbeast2-1x-13 | StarBEAST2 | GT-UCLN | Heights | Analytical | 26 (50) | Phased
starbeast2-1x-14 | StarBEAST2 | GT-UCLN | Topology | MCMC 26 Phased
starbeast2-1x-15 | StarBEAST2 | GT-UCLN | Topology | Analytical 26 Phased
starbeast2-1x-16 | StarBEAST2 | GT-UCLN Both MCMC 26 Phased
starbeast2-1x-17 | StarBEAST2 | GT-UCLN Both Analytical 26 Phased
starbeast2-1x-20 | StarBEAST2 ST-UCLN Neither MCMC 26 Phased
starbeast2-1x-21 | StarBEAST2 ST-UCLN Neither | Analytical 26 Phased
starbeast2-1x-22 | StarBEAST2 ST-UCLN Heights MCMC 26 Phased
starbeast2-1x-23 | StarBEAST2 | ST-UCLN | Heights | Analytical | 26 (50) | Phased
starbeast2-1x-24 | StarBEAST?2 ST-UCLN | Topology | MCMC 26 Phased
starbeast2-1x-25 | StarBEAST2 ST-UCLN | Topology | Analytical 26 Phased
starbeast2-1x-26 | StarBEAST2 ST-UCLN Both MCMC 26 Phased
starbeast2-1x-27 | StarBEAST2 ST-UCLN Both Analytical 26 Phased
starbeast2-2x-03 | StarBEAST?2 Strict Heights | Analytical | 52 (100) | Phased
starbeast2-2x-13 | StarBEAST2 | GT-UCLN | Heights | Analytical | 52 (100) | Phased
starbeast2-2x-23 | StarBEAST2 | ST-UCLN | Heights | Analytical | 52 (100) | Phased
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Loci numbers in brackets are for Crocidura reanalyses
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Table S8: Initial chain lengths and sampling rates.

Methods

Initial chain length

Sampling rate (one per)

Concatenation 26 loci phased 223 = 8388608 210 = 1024
Concatenation 26 loci unphased 222 — 4194304 29 =512
Concatenation 130 loci phased 221 = 2097152 28 = 256
Concatenation 130 loci unphased 220 = 1048576 27 =128
*BEAST 26 loci 224 = 16777216 21 = 2048
StarBEAST?2 26 loci 224 = 16777216 21 = 2048
StarBEAST?2 52 loci 223 — 8388608 210 = 1024
StarBEAST?2 50 loci — Crocidura 224 = 16777216 21 = 2048
StarBEAST?2 100 loci — Crocidura 223 — 8388608 210 = 1024
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3 CoordinatedUniform proposal example

The CoordinatedUniform operator will pick one non-leaf, non-root species tree node uniformly at
random to be moved, dubbed S. Given a species tree with the topology ((A,B),C),D there are two
non-leaf, non-root nodes: the common ancestor of species A and B (AB) and the common ancestor of

species A, B and C (ABC). We illustrate an example where the ABC node is chosen (Figure [S12)).

=
10 B A
¥
44
A B c D A

B C D A B C D
Original tree Proposal bounds Proposed tree

©

o= MNMWhOON®

Figure S12: Ilustration of the CoordinatedUniform move. An example gene tree is embedded within a
four-taxon asymmetric species tree. Internal gene tree nodes are numbered, species leaves lettered. The
ABC node is represented by a star in the middle step. Dashed lines are connected component and ABC
node child and parent branches.

The step after selecting a species tree node is to determine which internal gene tree nodes will also
be moved. CoordinatedUniform moves every gene tree node s in every gene tree which meets all of the

following requirements:

1. at least one descendant individual of s is also a descendant individual of the left child of S

2. at least one descendant individual of s is also a descendant individual of the right child of S

3. all descendent individuals of s are also descendent individuals of S

Descendent individuals of a gene tree node s are gene tree leaf nodes which have s as an ancestor.
Descendent individuals of a species tree node S are gene tree leaf nodes belonging to any extant species
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which has S as an ancestor. In the example, the left child of S is the AB node, and the right child of
S is the C node. The following internal nodes in the gene tree meet requirement (1) 12, 13, 14, 15, 16,

20, 22; requirement (2) 13, 16, 17, 21, 22; and requirement (3) 12, 13, 14, 15, 16, 17, 20.

The only nodes in the example meeting all three requirements are 13 and 16. These nodes are
connected by a gene tree branch, making them a single connected component. The connected component

has three child branches (dashed red, yellow and blue lines) and one parent branch (dashed orange line).

To determine the lower bound for the move, we must first identify the shortest branch out of all
connected component child branches and species tree node S child branches. In the example the con-
nected component child branches have lengths of 3, 7 and 8.5, and the species tree node child branches
have lengths 4 and 6 (Figure . The lower bound is therefore the original species tree node height

{S)—3=6-3=3.

To determine the upper bound we use the shortest branch out of all connected component parent
branches and the species tree node S parent branch. The parent branch of the single connected com-
ponent has a length of 2.5, and the parent branch of S has a length of 4. The upper bound is therefore

t(S) + 2.5 = 6 + 2.5 = 8.5.

A new species tree node height #'(S) between 3 and 8.5 is chosen uniformly at random. Within this
range, if the connected component node heights are changed by n = t'(S) — #(S), no topology changes
are induced or required. In our example the new height is 5, so n = 5 — 6.5 = —1.5. After the height

of the species tree node S and all connected component gene tree nodes are changed by n = —1.5 the

proposal is complete (Figure [S12)).
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