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TaBLE 3.  The distribution of posterior PPES for each of the 12 model performance test statistics used in this study (Table 1) summarized
across all six data sets
Test Statistic Mean SD Median Min Max
Multinomial likelihood 1.65 1.64 1.42 0.002 11.4
x2 19.61 23.48 11.7 0.04 110.68
Tree length mean 1.91 1.85 1.35 0.026 8.21
Tree length variance 5.45 6.52 3.45 0.33 32.76
Entropy 6.61 x 1010 2.48 x 101 0.96 0 1.12x 1012
Interquartile range 4.82 3.41 4.31 0 16.24
1st quartile 4.77 3.02 49 0 11.73
Median 4.95 3.16 5.19 0 12.28
3rd quartile 5.19 3.09 5.37 0 12.65
99th quantile 5.58 3.29 5.93 0 13.44
999th quantile 5.73 3.36 6.12 0 13.82
9999th quantile 5.79 3.35 6.27 0 13.89

TaBLE4.  The distribution of PPES for each data set across 11 of the 12 test statistics

Data-based test statistics Inference-based test statistics

Data set Mean SD Median Min Max Mean SD Median Min Max
Crocodilians 415 4.57 1.58 0.16 13.92 1.05 0.78 1.03 0 3.16
Turtles 3.48 4.02 178 0.04 15.08 221 2.04 1.97 0 14.25
Squamates 12.29 14.77 3.05 0.002 49.1 6.15 3.04 6.14 0.21 28.54
Amphibians 27.82 36.06 5.58 0.09 110.68 5.99 2.37 5.67 1.47 18.08
Birds 5.29 6.17 1.86 0.09 21.46 5.19 2.37 5.47 0.07 10.81
Mammals 10.77 13.39 8.63 0.13 45.89 8.63 3.99 9.62 0.87 16.24

Entropy was removed from the pool of test statistics summarized in this table because of the extreme outlier PPES of this test statistic across the
majority of the data sets (see text). PPES values for the entropy test statistic are provided in Supplementary Tables S4-S9 available on Dryad.

the model and the data for many of the large trees
sampled here, where almost every topology sampled
in the posterior is unique. One way to combat this
issue and improve model performance assessments
that use posterior probabilities of trees would be to
calculate conditional clade probabilities (Hohna and
Drummond 2012) or conditional clade distributions
(Larget 2013). These values can provide better estimates
of tree probabilities when the posterior distribution of
trees is particularly diffuse and MCMC sampling alone
is not sufficiently precise.

When entropy was excluded, data-based test statistics
appeared to reject model fit among genes more strongly
than inference-based test statistics across all six data sets,
with larger PPES on average (Table 4). This result makes
sense, since poor model fit must manifest itself at the
level of the data in order for inferences to be affected,
but not all model deficiencies noticeable in the data
will affect inference. PPES for data-based test statistics
ranged from 0.002 to 110.78, indicating a large range
of fit between models and empirical data. The range
of PPES for inference-based test statistics was smaller
than for data-based test statistics and varied across data
sets (Table 4). For Crocodilians, PPES across inference-
based test statistics were typically small, ranging from
0 to 3.16 (Table 4 and Supplementary Table S2 available
on Dryad), suggesting that the selected models appear
to fit the Crocodilian gene alignments better than for the
other data sets, although this may be due to differences
in power to detect poor model performance across

data sets of different sizes. For Turtles, PPES ranged
from 0 to 14.25 (Table 4 and Supplementary Table S3
available on Dryad), indicating a mixture of model fit.
Similar variation in model fit across genes was also
found for the larger data sets of Squamates, Amphibians,
Birds, and Mammals (Table 4, Supplementary Tables S4—
S7 available on Dryad). Indeed, there were significant
differences in mean PPES between data sets across nearly
all test statistics (with the exception of multinomial
likelihood; Supplementary Table S8 available on Dryad).
While this variation may stem from differences in data
set size, it is not possible to rule out that other factors
that may vary between data sets. PPES and gene length
were not correlated across most test statistics (with the
exception of the data-based 2 statistic; Supplementary
Table S9 available on Dryad).

Correlation Among Measures of Model Performance

Across all data sets, gene rankings were significantly
correlated among the quantile-based test statistics that
quantify the distances between trees in posterior distri-
butions (Fig. 3). Within the Crocodilian and Squamate
data sets, the gene rankings for the mean and variance
of tree length were significantly correlated with each
other. Within the Crocodilian data set, gene rankings
based on entropy were correlated with gene rankings
among the quantile-based test statistics. We observed a
few other correlations, although these were largely weak
and idiosyncratic among data sets (Fig. 3).
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FIGURE 3.
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Heatmap of the Spearman’s rank correlation coefficient between gene rankings among model performance tests based on PPES.

Model performance tests include multinomial likelihood (ML), composition heterogeneity (X?), tree length mean (TLM), tree length variance
(TLV), statistical entropy (E), interquartile range (IQR), first quartile (First), median, third quartile (Third), 99th percentile (Q99), 999th-1000
quantile (Q999), and 9999-10000th quantile (Q9999) of tree to tree distances in posterior distributions. Stars indicate positive correlations that
are significant at a significance threshold of 0.05 (*), 0.01 (**), and 0.001 (***).

Relationship Between Model Fit and Gene Tree Variation

The amount of strongly supported conflict between
gene trees and reference trees varied across data sets
and was low overall for Crocodilians and Birds and
somewhat higher in the other clades (Table 5). There
was no simple overall relationship between tree distance
and PPES (Fig. 4, Supplementary Table S10 available
on Dryad). Although genes did vary in their PPES,
increasing PPES did not necessarily correspond to
decreasing congruence between gene trees and reference
trees across all data sets. However, we did observe
some significant positive correlations between PPES and
incongruence with the reference tree (e.g., for the 999-
1000th and 9999-10,000th quantile-based test statistic
in the Turtle data set; Fig. 4). We also observed some
significant negative correlations in the same test statistics
for the Crocodilian and Bird data sets. The negative
relationships in these data sets may have to do with

the combined effects of 1) a lack of strong disagreement
among the gene trees and the reference tree (Table 5)
and 2) an interaction between the power of a test statistic
to detect poor model performance with the power of a
gene to precisely estimate the phylogeny (i.e., the shortest
genes often have the smallest PPES as well as the fewest
incompatibilities with the reference tree, due to lack of
information rather than poor fit of the model). Indeed,

there was a weak but significant correlation (r2=0.09,
slope = 0.02; P-value = 0.006) between the length of
a gene and the number of incompatibilities between
reference trees and gene trees.

While the relationship between poor model fit and
topological conflict between the gene trees and reference
tree appears to be complex, we do find several cases
where these methods clearly identified systematic bias or
other issues in the data. While inspecting PPES results,
we noted two cases where a single gene was a large
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TABLE5.  The percentage of compatible bipartitions between gene trees and reference trees for each clade
Gene Crocs (20) Turtles (49) Squamates (35) Amphibians (28) Birds (33) Mammals (104)
ATP6 95 88 77 96 97 88
ATP8 95 98 94 96 97 99
COX1 95 98 83 86 100 93
COX2 85 98 94 86 94 94
COX3 95 92 89 93 97 91
CYTB 90 92 97 100 100 83
ND1 95 98 94 100 97 87
ND2 90 100 80 89 97 90
ND3 95 96 97 96 97 96
ND4 90 90 94 96 100 89
ND4L 95 84 100 96 100 98
ND5 90 67 86 89 97 74
ND6 95 96 97 93 100 90

The number of taxa in each data set after trimming is provided in parentheses. The percentage of bipartitions
agreed upon was calculated as the number of compatible nodes divided by the total number of nodes in the tree.
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Relationship between PPES and the number of incompatibilities between 95% consensus gene tree and reference tree based on

linear regression. Correlations with significantly positive or negative slopes are represented by (+*) and (—*), respectively. The values of the

slope and 95% confidence intervals are provided in Supplementary Table S11 available on Dryad.

outlier for 1 or more model performance tests relative
to all genes (Fig. 5). In both cases the PPES outlier was
correctly signaling an issue in the analysis. Specifically,
phylogenetic analysis of CYTB in the Squamate data set
inadvertently included a misaligned region that affected
four sequences. This misalignment increased the tree
length mean and variance PPES for this gene, which

were consequently much larger than these values for
all other genes in the data set (Fig. 5a). The error
also drove a spurious phylogenetic result that united
a worm lizard with several blind snakes as a clearly
erroneous clade. Once we corrected the misalignment,
the tree length mean and variance PPES for CYTB
were drastically reduced and the position of these taxa
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