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Abstract: The importance of palaeontological data in
divergence time estimation has increased with the introduc-
tion of Bayesian total-evidence dating methods, which use
fossil taxa directly for calibration, facilitated by the joint
analysis of morphological and molecular data. Fossil taxa
are invariably incompletely known as a consequence of
taphonomic processes, resulting in the decidedly non-
random distribution of missing data. The impact of non-
random missing data on the accuracy and precision of
clade age estimation is unknown. In an attempt to con-
strain the impact of taphonomy on tip-calibrated dating
analyses, we compared clade ages estimated from a very
complete morphological matrix to ages estimated from
the same matrix permuted to simulate the progressive loss
resulting from taphonomic

of anatomical information

processes. We demonstrate that systematically distributed
missing data negatively influence clade age estimates, but
that successive stages within the taphonomic process intro-
duce greater differences in age estimates, when compared
to estimates obtained from untreated data. Despite these
effects, the general influence of missing data is weak, pre-
sumably due to the compensatory effect of extensive
morphological data from extant taxa. We suggest that, in
the absence of models that can explicitly account for tapho-
nomic processes, morphological datasets should be con-
structed to minimize the impact of taphonomy on divergence
time estimation.

Key words: morphology, divergence time estimation, miss-
ing data, taphonomy, Bayesian inference, phylogenetics.

EvOoLUTIONARY timescales are essential to effect tests of
hypotheses on the coevolution of Earth and life. Molecu-
lar clock methodology has effectively displaced direct
interpretation of the geological and fossil record in this
endeavour (Zuckerkandl & Pauling 1965; Thorne et al.
1998; Drummond et al. 2006; Yang & Rannala 2006;
Donoghue & Yang 2016). Nevertheless, fossil data remain
integral to divergence time estimation, in calibrating the
rate of molecular evolution to time. This has traditionally
been achieved indirectly through node calibration, using
fossil and geological evidence to constrain probabilistically
the minimum and maximum age of clades (Donoghue &
Benton 2007; Parham et al. 2012). Tip-calibration over-
comes challenges associated with the indirect interpreta-
tion of fossils to inform node-calibrations, allowing fossil
taxa to inform molecular clock analyses directly, including
them en par with their living relatives through the inclu-
sion of a morphological dataset and model of evolution
(Lewis 2001). This approach is particularly attractive
since it allows all fossil species to be included in diver-
gence time analyses, not just those informing the age of
extant clades. Through co-estimation of time and topol-
ogy in ‘total evidence dating’ and ‘tip-calibration’ (TED;
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Ronquist et al. 2012a; Pyron 2011) the phylogenetic
uncertainty of fossil species can be controlled for. How-
ever, fossil taxa are invariably incompletely preserved and
the extent to which these biases impact molecular clock
analyses has not yet been explored (Sansom & Wills 2013;
O’Reilly et al. 2015).

The impact of missing data on the accuracy of topol-
ogy estimates has been studied extensively, but almost all
such studies have assumed that missing data are ran-
domly distributed (Sansom & Wills 2013; Guillerme &
Cooper 2016a). This is unlikely even for living species
because of research agenda resulting, for instance, from
the study of organ systems. Random distribution of miss-
ing data is not expected in fossil taxa either, where biases
in the processes of decay and preservation lead to the
progressive, but non-random, loss of biological informa-
tion. Long before the chemical processes of preservation
and diagenesis begin, a prospective fossil may experience
physical biostratinomic effects. These include decay, post-
mortem collapse, disarticulation, fragmentation, erosion
and differential transportation (Behrensmeyer & Kidwell
1985). The nature and degree of biological information
loss is dependent on whether the effects of these processes
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can be diminished, such as through early burial and min-
eralization, and this is invariably dependent on the nature
of the depositional environment (Behrensmeyer & Kidwell
1985). At the most general level, soft tissue anatomy
quickly rots away; only biomineralized anatomical ele-
ments are routinely fossilized, but even these have differ-
ential preservation potential, with lighter and more fragile
skeletal elements most likely to be transported away, frag-
mented and eroded (Behrensmeyer 1990). Hence, missing
data are systematically distributed across fossil taxa,
associated with specific classes of anatomical characters
(Fig. 1). The non-random distribution of missing data
has been shown to have a biasing effect on topology
estimation within a parsimony framework (Sansom &
Wills 2013) but its impact on tip-calibration and TED is
unknown.

Here we explore the impact of non-random missing
data on the accuracy and precision of divergence time
analyses that employ tip-calibration. Traditionally, the
effect of missing data has been investigated using simula-
tion analyses in which the true tree is known and missing
data are introduced randomly. However, designing simula-
tions that approach the disparate fossilization process that
vary both with intrinsic biology and the nature of the
post-mortem environment, is challenging. Instead we use a
large, complete, empirical morphological matrix as the
basis for our analyses in which we simulate the progressive
loss of biological information that results from decay and
biostratinomic processes, informed by empirical evidence
for the proportional loss of anatomical characters. The ages
estimated from the complete, unfossilized, dataset are used
as a benchmark against which the effects on divergence
times estimated using datasets with artificial fossilization
are measured.

MATERIAL AND METHOD

Given our goal, to determine the influence of non-
random missing morphological data in divergence time
analyses, we required a dataset with a sufficiently large
quantity of characters, such that branch lengths could
be estimated with an acceptable level of accuracy both
before and after artificial taphonomic biases have been
introduced. We used the 4541 morphological character
dataset from O’Leary ef al. (2013), which encompasses
the diversity of placental mammals, as the basis for our
experiments.

To prepare the data for the simulation of the effects of
the fossilization process, we removed fossil taxa that are
not members of crown-Mammalia, converted polymor-
phisms and ambiguities to missing data, and removed
both characters and taxa that have more than 25% miss-
ing data (inapplicable characters were not considered to

be missing data for this purpose as knowledge of a condi-
tional relationship, as implied by an inapplicability, would
not be possible if the data defining the conditional rela-
tionship were missing due to taphonomic effects). This
resulted in a dataset composed of 66 taxa, of which 20
taxa were extinct. Using this approximately complete
dataset (95.52% of cells in the dataset did not contain
missing data; 88.07% of cells belonging to extinct taxa
did not contain missing data) we adopted two approaches
to simulating the effects of fossilization: (1) biostrati-
nomic processes (transport, abrasion, erosion, fragmenta-
tion, etc.); and (2) the loss of characters across all fossil
taxa, reflecting the decay of soft tissues.

Simulating the effects of post-decay biostratinomic processes

Aslan & Behrensmeyer (1996) identified categories of
mammalian osteological characters that are likely to be
preserved in a fluvial deposit (the environment in which
the majority of terrestrial vertebrates are preserved), with
a probability of recovery reported for each category. The
O’Leary dataset was reduced to only those characters rele-
vant to the categories identified by Aslan & Behrensmeyer
(1996), resulting in a dataset of 2454 characters. We ran-
domly sampled a selection of extinct taxa and converted
character codings to missing data randomly within each
class of characters, such that the proportion of non-
missing data matched the probability of recovery as
reported by (Aslan & Behrensmeyer 1996). This approach
resulted in ~10% of the total matrix of extinct and extant
taxa being composed of missing data. To further investi-
gate the influence of increasingly extreme levels of missing
data we multiplied the proportion of missing data
reported by Aslan & Behrensmeyer (1996) in each charac-
ter category by 2, as a separate case, replacing observed
character data with missing data to match these larger
proportions. For example, if a class of characters exhibited
20% missing data in the original empirical analysis, for
the scaled simulation we introduced missing data into this
class such that a total of 40% of the data was missing. A
scaling factor of 2 resulted in a matrix with ~95% missing
data for fossil taxa. A survey of 286 mammalian morpho-
logical matrices (Guillerme & Cooper 2016b) showed
that the mean percentage of missing data was 21%
(range = 0-73%; Fig. S1), suggesting that the quantities of
missing data we produced through simulation were gener-
ally empirically realistic. The only exception being the
analyses with a scaling factor of 2, with such matrices rep-
resenting an extreme level of missing data unlikely to be
encountered regularly in empirical datasets. The process
of randomly introducing missing data was repeated 30
times to produce 30 replicate matrices (with or without a
scaling factor) in which a different random subsample of
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taxa was selected within each character class. This resulted
in 60 simulated morphological matrices.

Simulating the loss of entire characters

To enable a straightforward comparison of the effect of dif-
ferent taphonomic effects, we used the 2454 character
matrix produced for the simulation of biostratinomic pro-
cesses when simulating the loss of entire characters. Of the
4541 characters in the original O’Leary et al. (2013) matrix,
19% are unlikely to be preserved through routine modes of
fossilization. Thus, we selected at random 19% of the char-
acters in the 2454 character matrix and changed their cod-
ing to missing data for all fossil taxa. This process was
repeated to obtain 30 distinct matrices. The initial filter
which reduced the dataset to 2454 characters removed
many soft characters. Therefore, it is important to note that
many of the characters selected to be missing in this simu-
lation may be osteological or routinely preserved charac-
ters. Despite this, the patterns and quantities of missing
data that our simulation procedure produced match those
of the complete empirical matrix.

Exploring the effects of character matrix dimensions

Though our experimental dataset has just over half of
the number of characters of the original (O’Leary et al.

2013), the remaining 2454 characters comprise an
unusually large empirical phenotype dataset. Thus, we
also explored the effects of taphonomic biases in datasets
that approximate the reduced dimensions of the major-
ity of phylogenetic datasets, which are typically com-
posed of characters measured in the low hundreds. To
achieve this, we produced five smaller matrices in which
each character class is reduced to a random subsample
of 10% from the original matrix, resulting in 245 char-
acters. For each of the five reductions, 30 datasets were
produced using the post-decay biostratinomic filter out-
lined above.

Divergence time estimation

Divergence time analyses based on these matrices were
performed using MrBayes 3.2 (Ronquist ef al. 2012b) In
all analyses, we employed a fixed topology compatible
with the results of the combined molecular and morpho-
logical analysis of O’Leary et al. (2013). We were not
interested in the accuracy of the fixed topology but,
rather, used it to isolate the effects of the introduction of
non-random missing data, without the confounding effect
of topology estimation. The root calibration was taken
from Benton et al. (2015) and assigned an offset expo-
nential distribution; tip calibrations were assigned uni-
form distributions, or point estimates, based on the
ranges or single point ages reported by O’Leary et al.
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(2013). A diffuse prior on the morphological rate was set
as N(0.001, 0.01), based on the prior for morphological
rate of Beck & Lee (2014). The independent gamma rate
(IGR) clock model (Lepage et al. 2007) was used and
assigned a variance parameter prior of exp(10). Morpho-
logical data were analysed with the Mkv model (Lewis
2001) and the uniform tree prior was applied. The mcmc
approximation of the posterior distribution was per-
formed for 40 000 000 generations, sampling every 4000
generations over 4 runs of 4 chains. Convergence was
assumed when ESS scores of greater than 200 were
observed and based on a qualitative assessment of the sta-
tionarity of the chain in Tracer (Rambaut et al. 2014).
Consensus trees were constructed after a conservative
burn-in of 25%, after which sampling was deemed to be
from the posterior distribution.

Averaging over consensus trees

For each analysis, 30 replicate consensus trees were pro-
duced and, for each constituent node, we obtained the
mean age estimate over the 30 replicates, producing a sin-
gle tree that encompasses the results from 30 replicate
analyses. These averaged trees were then compared to a
consensus tree estimated from the untreated matrix from
which the fossilized matrices were derived. We also con-
sidered aspects of the distribution of the 30 individual
replicate trees before averaging over their node ages. In a
small number of cases, the construction of consensus
trees resulted in the introduction of polytomies when an
internal branch length estimate was of negligible length;
in these instances we discarded the results as a direct
comparison between the divergence times in the treated
and untreated consensus trees could only be made if the
topology of the trees was identical.

Identifying patterns of age estimate bias

Our aim was to test whether distributions of missing data
arising from different taphonomic biases result in distinct
age estimates. For simulation-based divergence time analy-
ses, it is common to use coverage as a measure of accuracy,
the proportion of replicates that possess a 95% highest pos-
terior density (HPD) that encompasses the generating age
(Gavryushkina et al. 2014; Heath ef al. 2014; Warnock
et al. 2017). However, in this instance we do not know the
generating ages, and so instead we assessed accuracy based
on the percentage of the 95% HPD obtained from simu-
lated data that resides within the bounds of the 95% HPD
obtained when untreated data were analysed. These values
provide insight into the general differences in marginal dis-
tributions of age estimates that are introduced by specific

taphonomic processes, but if we wish to identify specific
patterns of bias in age estimates we cannot rely on the
95% HPD alone.

To identify the impact of taphonomic processes on age
estimates we used the median of the marginal posterior
distribution of any given node age to identify where the
bulk of posterior probability density is concentrated. The
paired differences of median age estimates (PDMA) from
untreated and treated datasets then provides an overview
of the magnitude of the effect of taphonomic processes,
but this measure is more informative about systematic
effects on age estimates caused by such taphonomic pro-
cesses. We also calculated the percentage error for each
median node age estimate, by dividing the PDMA by the
age estimate obtained from the untreated data and multi-
plying this value by 100. We also calculated the percent-
age absolute error by taking the absolute value of the
PDMA when calculating percentage error. We aggregated
PDMA, HPD overlap and percentage error across all nodes
in all 30 replicate analyses, and across each node in all 30
replicate analyses (i.e. the average PDMA/HPD overlap/
percentage error for each node across multiple replicate
analyses), as separate measures. The distribution of PDMA
across all nodes in all replicate analyses provides the best
characterization of fundamental patterns of bias introduced
by particular taphonomic processes. The alternative aggre-
gation approach provides a better characterization of the
pattern of PDMA and percentage error for specific nodes
across replicate analyses.

The matrices used in this study are available in
O’Reilly & Donoghue (2021).

RESULTS

Loss of data resulting from the loss of entire characters
across all fossil taxa

Full matrix. The average percentage of missing data in each
simulated matrix was 9.65%, with 28.99% the mean quan-
tity for fossil taxa (Table 1). There is considerable overlap
between the 95% HPDs for each node averaged over the 30
replicates and the respective 95% HPDs obtained with
untreated data (mean HPD per-node overlap = 98.36%;
range = 93.05-100.0; Fig. 2). The mean PDMA is
—0.13 myr, with a p-value of 1.97 x 10™'* for the null
hypothesis that the PDMA is 0. The distribution of PDMA
shows a propensity for treated matrices to result in the esti-
mation of node ages that are slightly older than their coun-
terparts obtained from untreated data (Fig. 3). The
distribution of PDMA on the tree topology shows that
there is a tendency for node ages that are either under or
over estimated to be close to other nodes exhibiting the
same direction and magnitude of paired difference.
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Reduced matrices. Mean PDMA for the five reductions
ranges from 0.01 myr to 0.27 myr. As in the results obtained
using the full matrix, there is considerable overlap between
95% HPDs averaged over the 30 replicates and the respective
95% HPDs obtained with untreated data (Fig. 2).

Loss of data resulting from the effects of later biostratinomic
processes

Full matrix. When the scaling factor was 1, the average per-
centage of missing data in each simulated matrix was
10.57%, with 32.04% the mean quantity for fossil taxa
(Table 1). The mean HPD overlap is large (mean HPD per-
node overlap = 92.48%; range = 84.04-100.0; Fig. 2) but it
is reduced when compared to the HPD overlap obtained with
soft character fossilization. The mean PDMA was —0.36 myr.
The distribution of PDMA shows a slight propensity for the
underestimation of node ages from treated data, but in a
small number of cases age estimates were greatly overesti-
mated. The distribution of per-node PDMA on the tree
topology shows that certain nodes were often underestimated
and that these nodes were clustered together (Fig. 4).

When the scaling factor was doubled, the average per-
centage of missing data in each simulated matrix increased
to 29.62%, with 94.90% the mean quantity for fossil taxa.

The mean HPD overlap was further reduced (mean HPD
per-node overlap = 85.89%, range = 67.14-97.72; Fig. 2)
and the PDMA increased to 1.43 myr.

Reduced matrices. For one of the reduced matrix analyses
the untreated matrix produced a consensus tree containing
a polytomy, for this analysis all replicate simulated results
had to be discarded. With a scaling factor of 1, over 5 sep-
arate subsamples of the full matrix, the mean PDMA ran-
ged from 0.32 to 2.47 myr. The mean HPD overlap per
node ranged from 87.84% to 93.52% (Fig. 2), with a maxi-
mum value of 100% and a minimum of 68.64% across all
5 subsamples. When the scaling factor was doubled, the
mean PDMA ranged from 0.33 to 1.09 myr, and the mean
HPD overlap ranged from 88.20% to 89.51%, with a maxi-
mum value of 100% and a minimum of 31.15% across all
four replicate subsamples (Fig. 2).

DISCUSSION

Complex taphonomic and biostratinomic processes con-
trol the distribution of missing fossil morphological data.
Our results show the relative influence of two key stages
in these processes on the accuracy of clade age estimation:
(1) the loss of entire characters due to decay and

TABLE 1. Aggregate results obtained with different approaches to simulating fossil data.

Simulation strategy Mean percentage  Mean paired Mean standard Two-tailed Mean Mean HPD
error (absolute difference of  deviation of paired t-test missing overlap across
error) median age paired difference  p-value data across  nodes and
of median estimates of median (Hy = PDMA all fossil replicates (%)
age estimates (PDMA) age estimates has a mean taxa (%)

(%) (myr) (PDMA) of 0)

Soft character loss —0.22 (1.04) —0.13 0.79 1.97 x 10712 28.99 97.57

Soft character loss — R 1 0.22 (2.39) 0.11 1.65 495 x 1072 29.34 96.21

Soft character loss — R 2 0.02 (1.86) 0.01 1.52 7.25 x 107! 29.23 96.66

Soft character loss — R 3 0.65 (2.28) 0.24 1.58 9.59 x 107! 28.28 96.46

Soft character loss — R 4 0.44 (1.88) 0.27 1.63 1.40E x 107 28.84 96.51

Soft character loss — R 5 0.41 (2.00) 0.21 1.46 6.30 x 1077 28.95 96.41

Biostratinomy — sc = 1.0 —0.64 (2.66) —0.36 2.33 9.74 x 10712 32.04 92.02

Biostratinomy — sc = 2.0 2.53 (5.94) 1.43 4.19 1.75 x 107* 94,90 84.72

Biostratinomy —sc = 1.0 R 1 1.31 (4.89) 0.69 3.63 474 x 1071 75.85 91.94

Biostratinomy — sc = 1.0 R 2 0.96 (4.62) 0.32 3.74 1.66 x 107* 73.62 92.04

Biostratinomy — sc = 1.0 R 3 1.37 (5.37) 0.72 3.75 1.08 x 10716 76.08 90.73

Biostratinomy — sc = 1.0 R 4 4.29 (7.27) 2.47 4.90 3.16 x 1072 76.36 87.13

Biostratinomy — sc = 1.0 R 5 0.71 (5.65) 0.43 4.22 5.68 x 107° 75.54 91.48

Biostratinomy — sc = 2.0 R 1 2.14 (5.71) 1.09 4.42 7.55 x 10727 94.58 88.33

Biostratinomy — sc = 2.0 R2  Comparison not possible

Biostratinomy — sc = 2.0 R 3 0.66 (6.21) 0.33 5.11 7.45 x 107* 94.65 88.77

Biostratinomy — sc = 2.0 R 4 0.50 (6.09) 0.43 5.49 721 x 1074 94.86 87.33

Biostratinomy — sc = 2.0 R 5 0.87 (5.15) 0.57 4.40 153 x 10°* 94.73 88.84

sc, scaling factor; R, reduction.
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FIG. 2. Boxplots of overlap between 95% HPDs obtained with untreated data and different data treated with different distributions
of missing data. Individual node age 95% HPD overlaps are represented by each point, with box plots covering the distribution for
each taphonomic bias treatment approach. Abbreviations: sc, scaling factor; R, reduction.

degradation; and (2) the combined effect of physical bios-
tratinomic processes such as disarticulation and transport.

Impact of data loss resulting from the loss of entire
characters across all fossil taxa

Despite paired differences between median age estimates
being significantly different from zero in a number of
tests, it is evident from our results that the effect of the

loss of entire characters for fossil taxa on divergence time
estimation is small in absolute terms. Both percentage
error and the magnitude of paired differences between
median age estimates obtained with untreated and treated
data sets are relatively small. Similarly, overlap between
95% HPDs obtained with untreated and treated data sets
is extensive (Fig. 2). This level of performance is also
seen in datasets of reduced size, with small paired differ-
ences between median age estimates obtained with and
without treatment. This resilience to missing data is
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doubtless a consequence of Bayesian analysis down-
weighting characters with large amounts of missing data
(King 2019). However, it must also be impacted by the
inclusion of extant taxa that remain scored for these
characters, influencing the interpretation of missing data
in fossil taxa in the posterior distribution. The ability of
observed data to influence the interpretation of unob-
served data is obviously reliant on the quality, distribu-
tion, and proportion of observed data relative to missing
data. The topological distribution of fossil taxa in the
analysed matrix is fairly even, allowing interspersed
extant taxa to inform parameter estimates across the tree.
Therefore, a topologically uneven distribution of fossil
taxa is likely to amplify the deleterious effects of data
missing from all fossil taxa, such as soft character data
(Guillerme & Cooper 2016b). Tip-calibrated analyses that
exclude extant taxa are likely to be impacted most
severely.

Impact of data loss resulting from post-decay biostratinomic
processes

Missing data resulting from physical biostratinomic pro-
cesses introduce a greater effect on age estimates than
missing data distributed amongst soft characters. Distri-
butions of 95% HPD overlap show that node age

estimates obtained in the presence of missing data dis-
tributed according to biostratinomic processes are often
markedly different to ages obtained with untreated data
(Fig. 2). For all analyses in which the distribution of
missing data is constrained by biostratinomic processes,
the absolute value of the mean PDMA is greater than
any analysis in which missing data is constrained to
(proxy) soft tissue characters (Table 1). This further
suggests that the effect of biostratinomic processes on
age estimates is far greater than for soft tissue character
loss. Despite a relatively small mean PDMA, when the
scaling factor is 1, the standard deviation of the PDMA
shows that there is strong variation in the differences of
paired median age estimate differences between matrices
that are untreated and those that simulate biostrati-
nomic loss. This increase in PDMA was not caused by
differing quantities of missing data in matrices exhibit-
ing soft tissue character or biostratinomic loss, since
they both contained ~10% missing data in total. There-
fore, the increase in PDMA is likely to be caused by
the distribution of missing data. Increasing the scaling
factor further increases PDMA. The magnitude and
direction of these paired median differences suggests
that biostratinomic loss generally results in an underesti-
mation of node age. The distribution of PDMA
obtained with data simulated with a scaling factor of 1
shows that the mean PDMA was negative. However, this
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value may be misleading since a small number of
severely overestimated ages mask the presence of many
moderately underestimated node ages. When smaller
datasets exhibit distributions of missing data constrained
by biostratinomic processes, the mean PDMA is consis-
tently positive and greater in magnitude than the
PDMA obtained for matrices exhibiting soft character
loss, further suggesting that, on average, biostratinomic
processes result in an underestimation of node age. A
potential cause of the increased difference in PDMA
and reduction of HPD overlap is the non-independence
of morphological characters. While relationships between
characters are not explicitly accounted for in this Baye-
sian framework, the loss of an entire suite of characters
may still exert a strong influence on the accuracy of
divergence time estimates.

The role of extant taxa in mitigating against the effects of
missing data

The amount of missing data seems to exert little influence
on clade age estimates. For example, when missing data is
distributed according to the effects of biostratinomic pro-
cesses, with a scale factor of 1 there is ~32% missing data
for fossil taxa in the complete matrix, but ~75% missing
data for fossil taxa in the reduced matrix. Despite this

(myr)

marked difference in the quantity of missing fossil data, the
distributions of 95% HPD overlap are comparable (Fig. 2)
and the PDMA values for these analyses are relatively small.
This suggests that the distribution of missing data within
fossil taxa is routinely compensated for by the morphologi-
cal data present for the extant taxa, as demonstrated in pre-
vious simulation-based studies (Guillerme & Cooper
2016a). Furthermore, when the widths of the 95% HPD
intervals are considered, it is clear that age estimate preci-
sion remains approximately consistent across all analyses,
irrespective of the quantity of missing fossil morphological
data (Fig. 5). This further demonstrates the importance of
the presence of including morphological data for extant
taxa in these analyses. The tip-calibration framework now
facilitates divergence time analyses consisting entirely of
fossil taxa (e.g. Cau 2017); for such analyses the beneficial
effects of well scored extant taxa will be missing and, in
such cases, the negative influence of missing morphological
data in fossil taxa is likely to be exacerbated. Our simula-
tion framework was based on a fixed topology, reflecting a
situation in which there is little uncertainty regarding the
relationships between extant and fossil taxa. Tip-calibration
is often applied in a co-estimation framework, in which
uncertainty regarding topology is accounted for through
joint estimation with divergence times. The effect of tapho-
nomic bias on divergence times in the joint estimation
framework requires further investigation. This will be



O’REILLY & DONOGHUE: TAPHONOMIC BIAS AGE ESTIMATE ACCURACY

75

50

Mean 95% HPD Width (myr)

25

- I %) < 7o) —
o o o o o o
- - - - - - N N
Il Il Il Il Il 1l il il
O (o] O [&] (o] [&] (o] O
(2] 2] (2] 2] (2] 2] (2] (2]
> > > > > > > >
IS € IS € IS € 1S IS
S <) S S S S S S
[ C [ C = C C [ =
@® © @® ®© © © © @®
= = = = = = = =
(%2} [%2] [%2] [2] [%2] 2] [%2] (2}
he] 2 .2 2 .2 2 .2 2
m m m m m o m s)

2R3

Biostratinomy sc

< 0

14 4

N N

Il 1l

(o] (&}

(2] 2]

> > -~ N [sp} < Te)

1S S o e g (4 % 14
g S . - . = = o o o
= = ®© © ®© © ®© (] Q Q
© © e < < < < < “(-“‘ “(-“‘
= S (&} O o O o O > S
@ 2 = = = = = = = s
9 2 o) ) o) ) ) o c c
o o n (%} n (%} n n -] =]

Simulation Approach

FIG. 5. Boxplots of mean width of 95% HPDs obtained with data treated with different distributions of missing data. Individual
node age 95% widths averaged over 30 replicates are represented by each point, with box plots covering the distribution for each
taphonomic bias treatment approach. Abbreviations: sc, scaling factor; R, reduction.

particularly important for situations in which the posterior
relationships between fossil and extant taxa remain uncer-
tain, as the mitigating effect of data from extant taxa, as
demonstrated here, may be different in such cases.

The negative effects of taphonomic processes on matrix
composition could potentially be mitigated by modifying
the phylogenetic model to explicitly account for tapho-
nomic processes, or by altering the qualities of the data
exposed to the model. The development of such a model

would be decidedly non-trivial due to the disparity of fos-
silization pathways that vary with intrinsic biology and the
extrinsic environment of fossilization. However, our results
suggest that the simplest solution may be to subsample
datasets to minimize the number of characters that are
coded only for a small subset of fossil taxa. The positive
influence of this approach on the accuracy of divergence
time estimation is effectively demonstrated in our simula-
tions of the effects of soft tissue decay, analogous to an

9
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empirical dataset subsampled to minimize physical bios-
tratinomic effects. Theoretically, eliminating characters
could strongly limit the statistical power of the remaining
phenotypic data, but phylogenetic characters with large
amounts of missing data have low power in contemporary
Bayesian phylogenetic inference (King 2019). Thus, in prac-
tice, there may be nothing to lose and much to gain from
the exclusion of missing data.

CONCLUSION

Missing data in morphological matrices are distributed
systematically, with certain character types more likely to
be missing than others in fossil taxa. Using a large
palaeontological dataset and empirically derived distribu-
tions of simulated missing data, we have demonstrated
the relative influence of missing morphological data dis-
tributed according to different biostratinomic and tapho-
nomic processes. The decay and loss of entire characters
appears to introduce little error into age estimates,
whereas the loss of characters due to physical biostrati-
nomic processes is likely to have a more significant
impact on estimated clade ages. Mitigation against the
effects of biostratinomic processes may be achieved by
subsampling matrices to minimize the quantity of missing
data introduced by these processes. Despite this, the mag-
nitude of differences in age estimates obtained before and
after the simulation of all taphonomic processes are gen-
erally small, and subsampling may be unnecessary when
an abundance of data from extant taxa are available.
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