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Abstract: Cladistic character matrices are routinely repur-

posed in analyses of morphological disparity. Unfortunately,

the sampling of taxa and characters within such datasets

reflects their intended application (to resolve phylogeny,

rather than distinguish between phenotypes) resulting in tree

shapes that often misrepresent broader taxonomic and mor-

phological diversity. Here we use tree shape as a proxy to

explore how sampling can affect perceptions of evolving

morphological disparity. Through analyses of simulated and

empirical data, we demonstrate that sampling can introduce

biases in morphospace occupation between clades that are

predicted by differences in tree symmetry and branch length

distribution. Symmetrical trees with relatively long internal

branches predict more expansive patterns of morphospace

occupation. Conversely, asymmetrical trees with relatively

short internal branches predict more compact distributions.

Additionally, we find that long external branches predict

greater phenotypic divergence by peripheral morphotypes.

Taken together, our results caution against the uncritical

repurposing of cladistic datasets in disparity analyses. How-

ever, they also demonstrate that when morphological diver-

sity is proportionately sampled, differences in tree shape

between clades can speak to genuine differences in mor-

phospace occupation. While cladistic datasets may serve as a

useful starting point, disparity datasets must attempt to

achieve uniformity in lineage sampling across time and

topology. Only when all potential sources of bias are

accounted for can evolutionary phenomena be distinguished

from artefactual signals. It must be accepted that the non-

uniformity of the fossil record may preclude representative

sampling and, therefore, a faithful characterization of the

evolution of morphological disparity.

Key words: disparity, morphology, simulation, sampling,

topology, phylogeny.

ANALYSES of morphological disparity characterize the

shape of life and provide a framework for uncovering the

intrinsic and extrinsic causes of its evolution. Defined as

a measure of the phenotypic variation exhibited within a

sample of taxa, the versatility of morphological disparity

methods has facilitated their application in a wide variety

of contexts and to a diverse array of evolutionary ques-

tions (Foote 1997; Wills 2001; Erwin 2007; Guillerme

et al. 2020a). Many contemporary disparity studies are

based on repurposed discrete character cladistic datasets

(see Lloyd 2016 for overview). This is potentially prob-

lematic as the intended outcomes of phylogenetic and dis-

parity analyses differ; the former seeks to group taxa,

while the latter aims to distinguish between them (Gerber

2019). Consequently, cladistic datasets often possess

characteristics that are beneficial in analyses of phylogeny

but confounding in disparity analyses. These include

biases in character sampling, which have been explored to

some extent (Cisneros & Ruta 2010; Ruta & Wills 2016;

Deline et al. 2018), but also taxon sampling (e.g. living vs

fossil and ingroup vs outgroup taxa), which can result in

biased tree shapes that do not faithfully represent diver-

sity, either in terms of symmetry or branch lengths.

Here, we explore the impact of sampling on percep-

tions of morphological disparity and its evolution

through the lens of tree shape. First, we summarize the

history of simulations in analyses of morphological dis-

parity. Then, categorical data are simulated along differ-

ent trees to characterize the effects of symmetry and

branch-length distribution, which we use independently
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and in combination as proxies for different sampling

practices. These simulated data are analysed, and the

results compared to complementary analyses of empirical

datasets. Both symmetry and branch length distribution

predict the morphospace occupation of clades. Symmetri-

cal trees with relatively long internal branches predict

more expansive patterns of morphospace occupation,

while asymmetrical trees with relatively short internal

branches predict more compact distributions. Long exter-

nal branches predict greater phenotypic divergence by

peripheral morphotypes. Disparity-through-time analyses

demonstrate that symmetry predicts the contributions of

ancestral phenotypes to perceptions of evolving morpho-

logical disparity, whereas the branch length distribution

of a tree has no such predictive value. However, the

absence of a difference between data simulated along

ultrametric and non-ultrametric trees in disparity-

through-time analyses speaks to the potential utility of

ancestral state estimation in analyses limited to extant

taxa. Taken together, our results demonstrate that sam-

pling practices adopted during the construction of cladis-

tic datasets can bias the morphospaces they characterize.

Therefore, these practices and the artefacts they introduce

should be considered carefully before cladistic datasets are

repurposed in analyses of morphological disparity.

Researchers should seek to achieve faithful representations

of morphological diversity through the augmentation or

subsampling of existing cladistic matrices or, better still,

the construction of datasets purpose-built for analyses of

disparity.

SIMULATIONS IN ANALYSES OF
DISPARITY

Simulated data offer several advantages over empirical

datasets, making them ideally suited for the exploration

of null trends in evolution (Barido-Sottani et al. 2020).

First and foremost, the ability to simulate the evolution-

ary process iteratively in a static environment makes it

possible to generate distributions that better represent the

breadth of possible trajectories than single empirical data-

sets. Simulations can also be conducted while controlling

for all potential sources of unwanted variation, thus pro-

moting greater compatibility between each run than can

be achieved with empirical data. Finally, simulated data-

sets can be generated with less time expenditure and

manual effort than empirical data, allowing for the rapid

generation of large quantities of data suitable for hypoth-

esis testing.

Simulations have been employed previously in analyses

of disparity, but they have been limited largely to contin-

uous data, evaluating the contributions of phylogeny

(Harmon et al. 2003), ecology (Green et al. 2011),

evolutionary rates (Foote 1991) and modes of extinction

(Korn et al. 2013) to morphospace exploration.

Simulation-based analyses of disparity have been used to

test hypotheses of functional constraint (Niklas 1986),

assess the impact of mass extinctions (Puttick et al.,

2020) and explore the origins of lineage clustering in

morphospace (Pie & Weitz 2005). Simulated continuous

data have also been used to assess the performance of dis-

similarity indices in characterizing different aspects of

morphospace (Ciampaglio et al. 2001; Guillerme et al.

2020b). For the purpose of such analyses, continuous data

have been simulated under a variety of stochastic (Foote

1991; Ciampaglio et al. 2001; Harmon et al. 2003; Pie &

Weitz 2005; Green et al. 2011; Korn et al. 2013; Guil-

lerme et al. 2020b; Puttick et al. 2020) and analytical

(Foote 1996a; Gerber et al. 2011) models. Probabilistic

methods that permutate an ancestral form in response to

dynamic functional criteria have also been employed,

although these have been limited to studies of plant evo-

lution (Niklas 1986).

Simulation approaches have been adopted sparingly in

analyses of disparity based on categorical data. Gavrilets

(1999) employed a simple analytical model to explore the

relationship between taxonomic and morphological diver-

sification, while Ciampaglio et al. (2001) simulated dis-

crete character data using a random walk to assess the

relative performance of different indices of disparity.

Sutherland et al. (2019) simulated random data to

explore the relationship between missing data and mor-

phospace occupation. Finally, Schaeffer et al. (2020) and

Ferron et al. (2020) evolved characters along a phylogeny

under Brownian motion to derive null expectations for

the correlation between categorical and continuous mor-

phological disparity. It remains to be seen if simulating

categorical data under an evolutionary model affects the

null trends that are derived.

MATERIAL AND METHOD

Generating trees

We followed a primarily simulation-based approach to

characterizing the role of tree symmetry and branch

length distribution in analyses of disparity (Smith et al.

2021). Data were simulated along six different generating

trees (Fig. 1; Table 1). These trees were designed to form

three paired contrasts, each of which varied in one aspect

of tree shape. These were: (1) the symmetry of ultrametric

trees; (2) the ‘stemminess’ of asymmetric, non-ultrametric

trees; and (3) the ‘ultrametricity’ of asymmetric trees. For

clarity, symmetry, sometimes referred to as balance, is

discussed in terms of the extent to which nodes define

subgroups of equal diversity. ‘Stemminess’ is used here to
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refer to the proportion of the total branch length of a tree

that subtends its nodes. The term ‘ultrametricity’ is used

to refer to root-to-tip distance uniformity. Trees are only

described as ultrametric when they have equal root-to-tip

distances. For a graphical representation of these para-

meters of tree shape, see Figure 2. Branches that subtend

internal nodes are referred to as internal or stem

branches, while those that subtend tips (i.e. external

nodes) are dubbed external or leaf branches. All six trees

are composed of 32 tips and were fully bifurcating. For

the constituent trees of each paired contrast, edge lengths

were isometrically scaled to ensure equivalency in the

sum of all branch lengths between them both. For brevity,

the sum of all branch lengths of a tree is hereafter

referred to as its total branch length.

Symmetry of ultrametric trees. Two generating trees with

diametrically opposed topologies were employed: one

fully symmetrical (Figs 1A, 3A), the other entirely asym-

metrical (Fig. 1B). Both trees were ultrametric. For ease

of reference, data simulated along these generating trees

are hereafter described as symmetrical or asymmetrical

(e.g. symmetrical matrices, asymmetrical matrices).

Stemminess of asymmetrical, non-ultrametric trees. The

generating trees employed were: a tree with low stemmi-

ness (Figs 1C, 3B), where all internal branches were one

tenth of the length of the external; and a tree with high

stemminess (Fig. 1D), where the stem-leaf branch length

ratio was reversed (i.e. where all internal branches were

10 times the length of the externals). Both trees were fully

asymmetric. From this point onwards, these trees, and

the data simulated along them, are dubbed ‘long-

stemmed’ and ‘long-leafed’ respectively (e.g. long-leafed

matrices, long-stemmed matrices).

Ultrametricity of asymmetric trees. The two generating

trees employed were an ultrametric tree (Fig. 1E) and a

non-ultrametric tree (Fig. 1F). Root-to-tip distances var-

ied across all lineages of the non-ultrametric tree. Both

trees were fully asymmetrical. For the sake of simplicity,

data generated using these trees are described as either

ultrametric or non-ultrametric (e.g. ultrametric matrices,

non-ultrametric matrices).

Each paired contrast sought to isolate the signal of the

tree shape parameter in question in the resulting percep-

tions of morphospace occupation. As such, all aspects of

tree shape not under investigation were controlled. While

such trees are generally considered to be unrealistic, here

they were necessary for guaranteeing equivalency in all

other phylogenetic structural properties to ensure that

any differences recovered were a consequence of the shape

parameter under investigation.

Simulation protocol

Data were simulated along the generating trees in R v3.6.3

(R Core Team 2020), employing the rTraitDisc function

included in the ape R package (Paradis & Schliep 2019).

Parallelization of simulations was achieved through employ-

ment of the parallel R package (R Core Team 2020). Dis-

crete binary characters were simulated independently under

an equal-rates model, so rates of change were equal across

both possible character state transitions. Gamma distribu-

tions were generated for each generating tree by setting

parameters shape to 0.44 and scale to the total branch length

of the respective tree. We chose the value 0.44 for the shape

parameter through trial and error to obtain the most

visually realistic distributions. Scale was set to the branch

length of the generating tree employed to ensure that the

A

B

E

F

C

D

F IG . 1 . Generating trees used to

simulate discrete character data.

A, symmetrical. B, asymmetrical.

C, long-leafed. D, long-stemmed.

E, ultrametric. F, non-ultrametric.

Trees presented are not to scale. See

Table 1 for basic dimensions and

further details.
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distributions provided rates that facilitated the simulation of

character data with consistency index (CI) values greater

than 0.259, the lower limit of empirical data (Sanderson &

Donoghue 1989). These combinations of values yielded

realistic distributions when plotted, relative to empirical

data. For consistency within and between matrices sharing a

generating tree, each gamma distribution was sampled 1000

times and the mean value calculated. This mean value was

used as the rate of change for all character data simulated

along the relevant generating tree.

To reflect the sampling one might expect of empirical

cladistic datasets, autapomorphic characters were dis-

carded and the simulation process repeated until only

parsimony-informative sites remained. Simulated charac-

ters were concatenated to form 32, 65 and 260-character

matrices to assess whether the taxon:character ratio of a

dataset altered the impact of sampling. The CI was calcu-

lated for each of these matrices and those with unrealisti-

cally low CI values (i.e. <0.259) were discarded and

replaced, ensuring that only matrices with approximately

realistic distributions of homoplasy were analysed (see

O’Reilly et al. 2016). In total, six datasets of 1000 matri-

ces were generated, one for each generating tree. These

datasets contained both node and tip states for each char-

acter. These node states are analogous to the output of

ancestral state estimation. All other rTraitDisc arguments

were left as their default settings.

Empirical datasets

Analyses of empirical data were conducted to see whether

the trends we observed in our simulations are reflected in

empirical data. We analysed four empirical datasets: a

mammal dataset from Beck & Lee (2014); a crinoid data-

set from Wright (2017); and two theropod datasets, one

from Brusatte et al. (2014), the other from Bapst et al.

(2016). These are respectively referred to as the mammal,

crinoid, coelurosaur and avetheropod datasets herein

(Smith et al. 2021). Each dataset included a time-scaled

phylogeny, a morphological character matrix, and first

and last occurrence dates for all included taxa. These four

datasets were previously curated by Guillerme & Cooper

(2018) and used to test the efficacy of various time-

binning methodologies. Both the original and curated

versions of the datasets are available for download with

TABLE 1 . Dimensions and tree shape parameters of generating trees used to simulate discrete character data.

Symmetrical Asymmetrical Ultrametric Non-ultrametric Long-leafed Long-stemmed

Total branch length 38.44 38.44 26.35 26.35 23.24 23.24

Tree length 3.1 2.26 1.55 13.175 2.656 21.07

Internal branch length 0.62 0.073 0.05 0.425 0.066 0.7

External branch length 0.62 Variable Variable 0.425 0.664 0.07

Colless index 0 465 465 465 465 465

Stemminess index 0.23 0.03 0.031 0.057 0.009 0.117

Branch lengths are in units of time.

Tip Node Root node

Internal/stem branch External/leaf branch

A B

x y

z

t1 t2 t3 t4

b dca

F IG . 2 . Graphical depiction of the terminology used to

describe tree shape. Subclades A and B contrast in both symme-

try and ultrametricity. As all descendants of all nodes of sub-

clade A are of equal diversity, its topology can be described as

symmetrical or balanced. As this is not true for subclade B, its

topology can be described as asymmetrical or imbalanced. The

subtree of subclade A can be described as ultrametric as the

root-to-tip distances of all its members are equal. The same can-

not be said for the members of subclade B. Following Fiala &

Sokal (1985), the stemminess of a tree is calculated as the pro-

portion of total branch length located on the internal branches

of a tree, averaged across all nested subclades. For example: the

stemminess of group t1–t2 is calculated as x/(a + b + x). The

stemminess of group t3–t4 is y/(c + d + y). The stemminess of

subclade A (group t1–t4) is the mean of the stemminess values

of its constituent subclades, t1–t2 and t3–t4. Note that in this

scenario, the node uniting groups t1–t2 and t3–t4 is treated as

the root node of the subclade, hence the branch subtending it is

not included in the stemminess calculation.
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their accompanying papers. The curated datasets of Guil-

lerme & Cooper (2018) were employed in the analyses

described below (see Table 2 for dataset details). Prior to

analysis, each dataset was pruned of taxa only present in

the matrix but not the tree and vice versa. After pruning,

the taxa with the shortest and longest root-to-tip dis-

tances were designated as endmembers for each dataset.

These taxa were retained in all subsamples analysed to

ensure the same phylogenetic bracket was represented in

each iteration. A small number of outgroup taxa in the

matrices of coelurosaur, mammal and avetheropod

branched off prior to their respective lower endmembers;

these taxa were also pruned out of the datasets prior to

taxic disparity analysis (Table 2). We adopted this brack-

eting procedure in an effort to ensure comparability

between subtrees in their rooting and temporal range.

Distance matrix computation

Pairwise distance matrices of n 9 n dimensions, where n

represents the number of operational taxonomic units

(OTUs) present in the source data, were constructed for

each matrix using the MorphDistMatrix function

included in the Claddis R package (Lloyd 2016; renamed

‘calculate_morphological_distances’ from v0.6.1 onwards).

The n 9 n distances were calculated using the Gower dis-

similarity coefficient (Gower 1971) for both the simulated

and empirical datasets to permit direct comparison and

accommodate missing data present in the latter (Ander-

son & Friedman 2012). There is a limit to the ability of

the Gower coefficient to handle missing data; pairwise

distances cannot be calculated if pairs of taxa lack

overlapping data. While the simulated, crinoid and mam-

mal datasets all returned complete distance matrices, the

coelurosaur and avetheropod datasets did not. To address

this issue, the taxa responsible for these gaps were identi-

fied and trimmed out of the datasets using the Claddis

TrimMorphDistMatrix function (Table 2; renamed to

‘trim_matrix’ from v0.6.1 onwards). To this end, 9 and

19 taxa were removed from the avetheropod and coeluro-

saur datasets respectively.

Ordination

Distance matrices were transformed through classical

multidimensional scaling (MDS), also referred to as prin-

cipal coordinates analyses (PCO/PCoA), using the Clad-

dis.ordination function included in the dispRity R

package (Guillerme 2018). Prior to ordination, Gower

coefficients were first transformed through application of

the Cailliez correction (Cailliez 1983), to address the

potential issue of negative eigenvalues, and a square root

term, to make the distances more Euclidean (Wills 2001).

Characterizing and describing morphological disparity

Disparity was characterized using four commonly

employed indices: pre-ordination mean pairwise distance;

and post-ordination sum of variances, sum of ranges, and

mean distance from centroid. These indices were not cho-

sen for their independence or ability to characterize dif-

ferent aspects of morphospace; indeed, as mean distance

from centroid and sum of variances are deterministically

A B

C D E F

F IG . 3 . Subtrees derived through

pruning of the symmetrical and

long-leafed generating trees. A–
B, original, 32-tip trees: A, symmet-

rical; B, long-leafed. C–F, pruned,
16-tip trees: C, symmetrical;

D, asymmetrical; E, long-leafed;

F, long-stemmed. Trees are not to

scale.
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related, their covariance is to be expected. Rather, they

were chosen for their pervasiveness in empirical research

to ensure our results could be employed in the interpreta-

tion of as great a variety of contexts as possible. The

post-ordination indices were computed using the dispRity

function included in the dispRity R package (Guillerme

2018). Here we describe morphological disparity in terms

of morphospace occupation. The structure of a mor-

phospace has two key components: the amount of space

occupied, and the spacing of points within the occupied

region. Hereinafter, these components are respectively

referred to as the size and density of the distribution

within morphospace of a clade.

In our analyses, we employ the mean pairwise distance

to characterize the density with which taxa occupy a mor-

phospace and the sum of ranges as a measure of the size

of occupied area. We also employ the sum of variances

and mean distance from centroid to characterize mor-

phospace. Interpretations of these indices in the context

of disparity analyses are varied. Foote (1992) described

variance as ‘a measure of morphological dispersion’ but

did not provide further detail on what is meant by this.

He did, however, employ ‘total variance’ as a measure of

‘morphological variety’, which he defined as ‘the variance

in form or the amount of morphological space occupied’

(Foote 1992). Wills’ (2001) interpretation of the sum of

variances of a clade incorporates both the size of the

space occupied and spacing of the points within; points

with a low sum of variances will cluster together, whereas

taxa with a higher value will scatter across morphospace

or congregate near the edges of the occupied area. Other

interpretations have considered the sum of variances as a

strict measure of the amount of morphospace occupied

(Guillerme et al. 2020b) or the density with which taxa

occupy an explored region (Hopkins & Gerber 2017).

Wills’ (2001) interpretation is the most intuitive: the sum

of variances incorporates aspects of size and density in

how it characterizes morphospace. However, as alluded to

by Wills (2001), the characterization of density by the

sum of variances breaks down when variance is high; it is

conceivable that two groups of taxa, one scattered across

morphospace and the other defined by clusters congregat-

ing at the limits of the occupied area, could present the

same levels of variance, despite the markedly different

patterns of intertaxon spacing. Put another way, the cor-

relation of variance with density is contingent on a mor-

phospace being normally distributed. The index is too

coarse to informatively characterize the density of taxa

within morphospace unless variance is low and the space

normally distributed. As a measure of the amount of

morphospace occupied, it is more reliable; the characteri-

zation of the size of the area occupied does not lose

meaning when variance is high. As such, we use the sum

of variances to characterize the size of the area occupied

by taxa but recognize that at some levels, it also charac-

terizes the density with which taxa populate the occupied

region. We employ the mean distance from centroid as a

measure of the size of the area occupied, following the

same logic.

Analysis of simulated datasets

To evaluate the effect of sampling on taxic morphospace

occupation, comparisons were made between the raw dis-

parity distributions of the datasets contrasting in symme-

try and stemminess for each combination of character

number and index. Comparisons were also made between

the datasets contrasting ultrametricity (see Appendix S1).

However, these are not presented below as the branch

lengths of the ultrametric and non-ultrametric trees

incorporate a dating component that the symmetrical,

asymmetrical, long-leafed and long-stemmed do not. As

such, comparisons between the datasets contrasting in

TABLE 2 . Details of empirical datasets analysed herein, modified from Guillerme & Cooper (2018).

Mammal Coelurosaur Avetheropod Crinoid

Source Beck & Lee (2014) Brusatte et al. (2014) Bapst et al. (2016) Wright (2017)

No. characters 402 853 374 87

No. taxa (original) 102 140 89 42

Age range (Ma) 171.8–0 168.5–66 207.2–66 485.4–373.2
Missing data percentage 17.93% 71.27% 51.54% 50.82%

Inapplicable data percentage 0% 0% 0.24% 0.06%

No. taxa removed to enable

complete distance matrix

0 19 9 0

Endmember taxa (for selective

subsampling analysis)

Juramaia,

Solenodon

Zuolong, Rinchenia

mongoliensis

Sinraptor,

Zanabazar junior

Apektocrinus,

Amabilicrinus

No. taxa outside endmember

bracket removed (for selective

subsampling analysis)

3 2 1 0
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ultrametricity are only comparable to empirical

approaches within frameworks that account for time,

such as disparity-through-time analyses. These analyses

were conducted and are described in greater detail below.

The symmetrical (Figs 1A, 3A) and long-leafed trees

Figures 1C, 3B were then selectively pruned to determine

whether biases represented by variations in symmetry and

stemminess could be introduced through subsampling.

Two rounds of pruning were conducted: the first

intended to produce a tree that preserved the shape of

the original, while the second aimed to do the opposite.

This approach produced two 16-tip trees for each 32-tip

original; one pair contrasting in symmetry (Fig. 3C, D),

the other in stemminess (Fig. 3E, F). Using the new 16-

tip trees for reference, the symmetrical and long-leafed

datasets were then subsampled to match. The result was

four new 16-tip datasets comprised of a tree and 1000

matrices. The morphological disparity of these new matri-

ces was characterized, and the resulting distributions

compared to those of the original trees.

Disparity-through-time analyses were conducted to

determine whether sampling altered perceptions of evolv-

ing morphospace occupation. Relative occurrence times

were assigned to the tips and nodes of each generating

tree; time ‘0’ was assigned to the root node, while time

‘1’ was assigned to the tip furthest from the root. Each

generating tree was then partitioned into six equal-sized

time partitions, where each partition spanned one sixth

of the overall length of the tree. Tips and nodes sampled

within each partition were recorded, as were any tips

with subtending branches that crossed the upper parti-

tion limit. We refer to such tips as bisected lineages

going forward. The first 100 simulated matrices of each

generating tree were partitioned into six subsets matching

the composition of the partitions. Tips, nodes and

bisected lineages were analysed in the following combina-

tions to evaluate their relative contributions to percep-

tions of disparity-through-time: tips only; tips and nodes;

tips and bisected lineages; tips, nodes and bisected lin-

eages. Each partition was bootstrapped and rarefied prior

to disparity index calculation to ensure equivalency in

diversity between partitions. Each binned subsample of

each matrix was randomly subsampled with replacement

100 times, with the size of the new subsamples set to

three. Disparity index values were then calculated and

their distributions through time compared for each gen-

erating tree.

All analyses of simulated data were conducted in R by

employing a range of functions included in the stats

v3.6.2, ape v5.3 (Paradis & Schliep 2019), phangorn

v2.5.5 (Schliep 2011), dispRity v1.4.1 (Guillerme 2018),

Claddis v0.3.4 (Lloyd 2016), phytools v0.7-20 (Revell

2012) and apTreeshape v1.5-0 (Bortolussi et al. 2006)

packages.

Analysis of empirical datasets

To validate the results of the simulations, each empirical

dataset was subsampled to create contrasts in tree symme-

try and stemminess. This was achieved by first selectively

pruning each empirical tree four times over to emphasize

specific aspects of tree shape (e.g. greater asymmetry, low

stemminess). This pruning yielded four subsampled trees

for each empirical dataset, each of which contained 50% of

the tips of the original. To ensure these subsamples con-

trasted sufficiently, their shape was quantified. Tree sym-

metry was characterized using the Colless Index (Colless

1982), which measures the balance of a bifurcating tree by

returning the sum of the absolute differences in number of

descendants between each pair of lineages descending from

each node. Stemminess was quantified using the homony-

mous index of Fiala & Sokal (1985), which is defined as the

proportion of the total branch length of each sub-clade that

is accounted for by the length of the subtending edge, aver-

aged across all nodes of the tree. Using these trees for refer-

ence, the empirical matrices were then subsampled to

match. The morphospace occupation of these matrices was

then characterized, and the resultant disparity index values

scaled to account for differences in total branch length

between the subsampled trees and the original. Finally, the

deviations of these scaled disparity index values from those

characterizing the morphospace occupation of the original

datasets were calculated.

In addition to the selective subsamples, 1000 random

subsamples of the same size were drawn from each empiri-

cal matrix without replacement to facilitate the creation of

a null distribution of disparity under subsampling. For each

subsample, morphospace occupation was characterized and

a complimentary tree derived through pruning of the origi-

nal to match. Disparity index values were then scaled to

compensate for differences in total branch length between

each random subsample and the original tree. Finally, the

deviations in disparity of each random subsample from

that of the original dataset were calculated. These devia-

tions made up the null distribution to which the deviations

of the selective subsamples were compared to determine

whether manifestations of tree shape are discernible from

random variation. To quantify the significance of devia-

tions, a p-value was derived for each selective subsample:

for subsamples yielding greater disparity than most of the

null distribution, p was calculated as n/1000, where n

equals the number of random subsamples deviating more

positively than the selective subsample; for selective sub-

samples with low disparity relative to the null distribution,

p was calculated as 1 � (n/1000). An arbitrary threshold of

p = 0.05 was employed when assessing the significance of

the deviations.

Disparity-through-time analyses of the empirical data-

sets were also conducted. Each dataset partitioned by
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stratigraphic age. Partitions containing too few taxa for

disparity calculation (<3 taxa) were removed from the

analysis. For each remaining partition, a matching subtree

was generated through pruning of the original tree. The

shapes of these subtrees were then quantified in terms of

symmetry and stemminess. Subtree symmetry was mea-

sured using the Colless Index (Colless 1982). As the Col-

less Index has a non-linear relationship with diversity

(Rodgers 1993), the value calculated for each time parti-

tion was divided by the maximum possible value for the

number of taxa sampled. This gave a normalized Colless

Index with a scale of 0–1, where 1 was indicative of a

maximally asymmetrical topology and 0 of a maximally

symmetrical. Subtree stemminess was measured with the

homonymous index of stemminess defined by Fiala &

Sokal (1985).

Each partition was bootstrapped and rarefied through

random subsampling with replacement 100 times to

ensure that perceived trends in disparity-through-time

were not a product of discrepancies in taxonomic diver-

sity. The size of these subsamples was set as the number

of taxa included in the least diverse partition of the series.

The morphospace occupation of each of these subsamples

was then characterized using mean pairwise distance, sum

of variances, mean distance from centroid, and sum of

ranges. For time partition, median values were identified,

and 90% confidence intervals calculated.

Finally, changes in disparity-, symmetry- and

stemminess-through-time were assessed for positive

covariance. For each combination of empirical dataset,

disparity index, and tree shape index, the number of

intervals (i.e. changes in disparity and tree shape from

one time partition to the next) displaying positive covari-

ance was counted and the overall percentage displaying

this relationship calculated. Intervals were excluded from

these analyses if tree shape remained unchanged from one

time partition to the next, or if one of the partitions

defining an interval was too species-poor to be ordinated

(this was only relevant in analyses employing post-

ordination indices of disparity).

All analyses of the empirical datasets were conducted

using the same R packages as in the simulations.

Plotting

All plots were generated in R using functions included in

the ggplot2 package family (Wickham 2016).

RESULTS

In many of the analyses conducted, an increase in the size

of the area of morphospace occupied by a clade was

accompanied by a decrease in density. For the sake of

brevity, such concomitant changes in morphospace occu-

pation size and density are discussed as changes in disper-

sion going forward; greater dispersion translates to an

increase in space occupied coupled with a decrease in

density, and vice versa.

Simulated data

In all analyses of simulated data, the relationships recov-

ered between morphospace occupation and tree shape did

not change with character number. While the variance in

disparity index values decreased as character number

increased, the overall trends remained the same. As such,

only the results of the analyses of the 260-character matri-

ces are presented and discussed (see Appendix S1 for 32-

character and 65-character results). Additionally, as all

four indices of disparity covaried in the disparity-

through-time analyses conducted, only the mean pairwise

distance results are figured. However, the descriptions

below reflect the behaviour of all indices.

Topological symmetry. Mean pairwise distance, sum of

variances, and mean distance from centroid exhibited a

positive relationship with tree symmetry (Fig. 4A–C). A
negative relationship was recovered between symmetry

and sum of ranges (Fig. 4D). In terms of morphospace

occupation, symmetry correlated with greater overall dis-

persion, but the asymmetrical tree yielded the greater

divergence in peripheral morphotypes.

Regardless of the change affected, subsampling of the

simulated matrices to manipulate the balance of the sym-

metrical generating tree greatly increased disparity index

variance (Fig. 5). Consequently, there was considerable

overlap between the topologically contrasting subsamples.

Overall, emphasizing symmetry yielded subsamples with

greater morphospace dispersion than pruning for asym-

metry. The original and subsample distributions of mean

pairwise distance, sum of variances, and mean distance

from centroid were comparable in their median values

(Fig. 5A–C). Most subsamples exhibited much lower sum

of ranges than the originals (Fig. 5D). In other words, the

original matrices characterized a greater range of mor-

phologies, but were comparable in their morphospaces to

those of the subsamples in terms of dispersion.

Disparity-through-time analyses of the symmetrical and

asymmetrical matrices yielded distinct temporal patterns.

As the analysed trees were both ultrametric, all tips were

concentrated in the final partition. Consequently, infor-

mative comparisons between the disparity-through-time

trends of the two trees could only be made when nodes

were included in the time partitions, hence these are the

only results figured (Fig. 6). When tips and nodes were
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analysed collectively, morphospace dispersion increased

gradually along the symmetrical tree, whereas across the

asymmetrical tree it remained low until the evolution of

the tips (Fig. 6A). The symmetrical matrices consistently

exhibited greater dispersion within morphospace than the

asymmetrical, although the difference between the tips of

the two was marginal. When bisected lineages were incor-

porated, both trees displayed gradual increases in mor-

phospace dispersion through time, although the trend

was much weaker along the asymmetrical tree than the

symmetrical (Fig. 6B). Between partitions 1 and 3, the

morphospace occupation of the asymmetrical matrices

was more dispersed than the symmetrical. From parti-

tions 4 to 6, the dispersion exhibited by the symmetrical

matrices exceeded that of the asymmetrical.

Stemminess. The long-stemmed matrices exhibited greater

mean pairwise distances, sums of variances, and mean

distances from centroid than their long-leafed counter-

parts (Fig. 4E–G). An inversion of this relationship was

recovered between tree stemminess and sum of ranges

(Fig. 4H). Collectively, these results indicate that
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stemminess correlates with dispersion, while long external

branches predict a greater phenotypic range.

Subsampling of the long-leafed matrices to manipulate

the stemminess of the underlying tree produced disparity

index distributions that largely overlapped, regardless of

index employed or contrast in branch length distribution

imposed (Fig. 7). The variance of the subsample distribu-

tions exceeded that of the originals. Emphasizing tree

stemminess through subsampling yielded lower sums of

ranges but greater mean pairwise distances, sums of vari-

ances, and mean distances from centroid than minimizing

it (Fig. 7A–D). The effect size of stemminess on mor-

phospace occupation was much smaller in the subsamples

than it was in the original datasets. However, the polarity

of the relationship was the same; stemminess correlated

with greater dispersion in morphospace, and long external

branches were predictive of greater phenotypic range.

Overall, the sum of variances, mean pairwise distance and

mean distance from centroid of the subsamples did not

deviate significantly from that of the original long-leafed

matrices they were derived from (Fig. 7A–C), indicating
that the datasets exhibited comparable distributions in

morphospace. However, a small number of subsamples

exhibited mean distances from centroid comparable to

those of the original long-stemmed matrices. There was

almost no overlap in the sums of ranges of the subsam-

pled and original matrices (Fig. 7D); a handful of sub-

samples exhibited comparable values to those of the

original long-stemmed matrices.

Disparity-through-time analyses of the long-leafed

matrices using tips alone recovered a mostly constant pat-

tern of morphospace occupation along the tree, with the

exception of a small increase in dispersion between parti-

tions 2 and 3 (Fig. 8A). In contrast, the long-stemmed

matrices exhibited stasis from partition 1 to 5 before

slightly increasing in morphospace dispersion in the final

partition. Generally, the long-leafed matrices exhibited

greater dispersion than the long-stemmed. When tips and

bisected lineages were analysed together, the long-leafed

tree exhibited an increase in morphospace dispersion

between partitions 1 and 2, followed by stasis from parti-

tion 2 to 5, and a marked decrease in the final partition

(Fig. 8B). In contrast, morphospace occupation remained

static through time along the long-stemmed tree. The

long-leafed matrices were consistently more dispersed

within morphospace than the long-stemmed.

Using tips and nodes to compute disparity-through-

time along the long-leafed tree yielded an increase in

morphospace dispersion from partition 1 to 3, followed

by a gentle decrease across the remaining partitions
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(Fig. 8C). Along the long-stemmed tree, morphospace

occupation was static through time. With the exception

of the first partition, where the morphospace occupation

of the long-leafed matrices was much more compact than

the long-stemmed, the differences between the disparity-

through-time trends of the two trees were minor; gener-

ally, the long-leafed matrices exhibited somewhat greater

dispersion than the long-stemmed. When tips, bisected

lineages and nodes were analysed collectively, dispersion

increased between partitions 1 and 3, plateaued from 3 to

5, and then decreased marginally in the final partition

along the long-leafed tree (Fig. 8D). Morphospace occu-

pation remained largely constant along the long-stemmed

tree, although a slight decrease in dispersion through time

was evident. In partition 1, the long-stemmed matrices

generally exhibited greater dispersion within morphospace

than the long-leafed. Both sets of matrices were compara-

ble in their average morphospace occupation in partition

2. However, between partitions 3 and 5, the dispersion of

the long-leafed matrices surpassed that of the long-

stemmed overall. In the final partition, both datasets were

once again comparable in their average morphospace

occupation, although some long-stemmed matrices exhib-

ited distributions in multidimensional space that were

much more compact than the most tightly clustered long-

leafed comparators.

Ultrametricity. Owing to an absence of data in partitions

1–4, the tips of the ultrametric and non-ultrametric trees

did not yield informative disparity-through-time trends,

and so were not figured (Fig. 9). Disparity-through-time

analysis using both tips and bisected lineages yielded

incremental increases in the morphospace dispersion of

the most disparate subsamples along both trees from par-

titions 4–6 (Fig. 9A). However, the majority of matrices

were consistent in their morphospace occupation through

time, with the ultrametric generally exhibiting greater dis-

persion than the non-ultrametric. Including tips and

nodes in disparity index calculation produced different

trends. Along the ultrametric tree, the size of the area

occupied remained small and densely packed until the

inclusion of tips, where it expanded and became sparser

(Fig. 9B). In contrast, morphospace occupation along the

non-ultrametric tree was static through time. The non-

ultrametric matrices displayed greater dispersion within

morphospace between partitions 1 and 5 than did their

ultrametric counterparts, with the polarity of the relation-

ship flipping in partition 6. When tips, nodes, and

bisected lineages were analysed collectively, morphospace

dispersion increased incrementally between partitions 1

and 4 before plateauing along the ultrametric tree

(Fig. 9C). The non-ultrametric tree yielded a static

disparity-through-time trend across all partitions. The
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ultrametric matrices were consistently more disparate

than the non-ultrametric, with the differences between

the two increasing with time.

Empirical data

Symmetry. The coelurosaur dataset exhibited significantly

greater dispersion within morphospace across all indices

when subsampled to maximize tree symmetry than would

be expected under random sampling (Fig. 10; Table 3).

Subsampling to emphasize topological asymmetry pro-

duced a more complex pattern of morphospace occupa-

tion: the mean pairwise distance of the subsample was

significantly lower (p = 0.024); the sum of variances sig-

nificantly higher (p = 0.001), and sum of ranges and

mean distance from centroid indistinguishable from that

of random subsamples. The mean pairwise distance

(p = 0.038) and sum of variances (p = 0.005) of the sym-

metrical subsample of the avetheropod dataset was signifi-

cantly higher than would be expected through random

subsampling. The sum of ranges and mean distance from

centroid values were indistinguishable from those of ran-

dom subsamples (Table 3). When topological asymmetry

was emphasized, subsampling of the avetheropod dataset

yielded a distribution within morphospace indistinguish-

able from that of a random subsample across all indices.

In terms of morphospace occupation, subsampling to

manipulate topological symmetry did little to differentiate

the resulting subsets of the mammal dataset from random

subsamples (Table 3). Only the sum of variances of the

symmetrical subsample deviated significantly, surpassing

that of most random subsamples (p = 0.001). The sym-

metrical subsample of the crinoid dataset exhibited signif-

icantly higher sum of variances (p = 0.028), significantly

lower mean distance from centroid (p = 0.048), and

unremarkable mean pairwise distance and sum of ranges

(Table 3). Conversely, emphasizing asymmetry through

subsampling also yielded significantly higher sum of vari-

ances (p = 0.009). The mean pairwise distance, mean dis-

tance from centroid, and sum of variances of the crinoid

asymmetrical subsample were not distinguishable from

those of random subsamples.

In the disparity-through-time analyses, tree symmetry

covaried with morphospace dispersion across a majority

of intervals for all four empirical datasets (Fig. 11;

Table 4), regardless of how the amount of morphospace

occupied was characterized. However, in the case of the

avetheropod dataset, the percentage of intervals displaying

positive covariance between dispersion and symmetry was
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only just above 50% when the size of the area occupied

was captured using sum of variances and sum of ranges.

Stemminess. Maximizing the stemminess of the coelur-

osaur dataset through subsampling resulted in signifi-

cantly greater dispersion within morphospace,

regardless of which index was used to characterize the

size of the area occupied (Fig. 4; Table 3). Conversely,

subsampling to minimize stemminess also produced a

subset with significantly higher sum of variances than

the majority of random subsamples (p = 0.03). The

mean pairwise distance, mean distance from centroid,

and sum of ranges of this same subsample of the coe-

lurosaur dataset were all unremarkable. Stemminess

positively correlated with dispersion within mor-

phospace across all subsampling analyses of the

avetheropod and crinoid datasets, with each subsample

deviating significantly (Table 3). In analyses of the

mammal dataset, stemminess positively correlated with

density (mean pairwise distance) within morphospace.

However, the size of the area of morphospace occu-

pied by these subsets was not significantly different
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from that expected of random sampling, regardless of

whether stemminess was maximized or minimized

(Table 3).

Disparity-through-time analyses of the four datasets

only recovered positive covariance between tree stemmi-

ness and morphospace occupation across a majority of

time intervals when mean pairwise distance was employed

to characterize the mammal dataset (Table 5). No such

pattern of covariance was identified between the indices

of size and stemminess for the mammal dataset, nor was

one evident when the coelurosaur dataset was analysed.

In analyses of the avetheropod and crinoid datasets, dis-

persion within morphospace negatively covaried across a

majority of intervals, regardless of how morphospace

occupation was characterized.

DISCUSSION

Simulated data analysis

Symmetry. The simulation results indicate that tree sym-

metry predicts the impact of sampling on morphospace.

The more symmetrical a tree, the more dispersed we may

expect a given clade to be in multidimensional space for

a given model of character evolution. This relationship

was replicable through subsampling; matrices generated

using the same tree but differing in subsampled topology

exhibited the same relationship with symmetry as those

simulated along different trees, both in terms of polarity

and magnitude. The overall dispersion of the subsampled

matrices within morphospace was comparable to that of
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the originals, with the exception of the morphological dis-

tance between the most peripheral morphotypes; the

aspect of morphospace occupation captured by the sum

of ranges index. This is to be expected; while subsampling

can increase variance, it can only maintain or decrease

range.

The relationship recovered between symmetry and

sum of ranges varied between analyses. When datasets

simulated along contrasting trees were compared, sum

of ranges and tree symmetry exhibited a negative rela-

tionship. However, when topological contrasts were

introduced through subsampling rather than during data

simulation, sum of ranges correlated positively with

symmetry. Considering the branch length distributions

of the underlying trees resolves this apparent contradic-

tion. The original asymmetrical tree had much longer

external branches than both its symmetrical comparator

and the 16-tip replicate generated through subsampling.

Based on our results, it is to be expected that the sums

of ranges of the matrices simulated along the asymmetri-

cal tree will exceed those of their symmetrical counter-

parts; an expectation that was borne out when the data

were compared. As the subsampling analyses could not

replicate these long external branches, the resultant sub-

samples did not contain any highly divergent peripheral

morphotypes, hence a positive relationship between sym-

metry and sum of ranges was recovered. This relation-

ship is concordant with that displayed by the other

indices tested that include some sort of size component

in their characterization of morphospace. Taken

together, these results demonstrate that tree symmetry

cannot be used to predict the divergence of peripheral

phenotypes unless differences in branch length distribu-

tion are first controlled for.
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When both trees were ultrametric, the symmetry of the

tree predicted the contribution of nodes to perceptions of

evolving morphological disparity. Along the symmetrical

tree, the inclusion of nodes in the analysis returned a grad-

ual dispersal across morphospace through time. By the

penultimate time partition, the size and density of the area

in morphospace occupied by the nodes almost matched

that of the tips. The nodes of the asymmetrical tree pre-

sented no such gradient; their morphospace occupation

remained compact until the inclusion of the tips. The gra-

dient in morphospace occupation through time introduced

through the inclusion of bisected lineages bisected by the

upper limits of each partition suggests that pairwise phylo-

genetic distance may be predictive of changes in dispersion

through time. However, this possibility was not directedly

assessed and is beyond the scope of this study.

Branch length distribution. Tree stemminess predicted dis-

persion within morphospace. This effect could not be

replicated through subsampling; while the polarity of the

relationship could be reproduced by drawing subsets with

relatively higher or lower stemminess, the magnitude of

the difference between the original long-stemmed and

long-leafed matrices could not. As subsampling cannot

increase the overall internal branch length of a tree, this

is to be expected. Additionally, the similarity in mor-

phospace occupation between the original long-leafed

matrices and the contrasting subsamples derived from

them, despite the substantial differences in overall exter-

nal branch length, further demonstrates how dispersion

within morphospace is predominantly defined by charac-

ter evolution captured by stem branches.

Branch length distribution did not predict the contribu-

tions of tips, nodes or bisected lineages to perceptions of

evolving morphospace occupation through time. The only

differences recovered were rooted in variations in taxo-

nomic diversity; a consequence of tree length inequality

and lineage duration heterogeneity across each comparison.

While rarefaction can normalize diversity across time series,

diverse partitions will still generally yield more heterogenous

subsets than depauperate ones. Consequently, the differences

recovered in the disparity-through-time analyses conducted

using the paired contrasts in ultrametricity and stemmi-

ness reflect the diversity of tips, bisected lineages, and

nodes in each partition, rather than genuine evolutionary

phenomena.

Empirical data analysis

When subtrees and corresponding matrix subsets were

selectively drawn from each dataset to emphasize and

minimize symmetry, only the symmetrical subsample of

the coelurosaur dataset exhibited a substantial increase inT
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dispersion solely predicted by its topological balance; vari-

ations in stemminess were predictive for all other results

with p ≤ 0.05 (see below for further details). Stemminess

correlated with increasing morphospace dispersion, but

only after differences in total branch length between sub-

sampled trees had been accounted for. In the analyses

that applied this correction, the majority of subsets

that exhibited a substantial deviation in morphospace

occupation from the random subsamples also displayed a

marked increase or decrease in stemminess (all significant

deviations except for the mean pairwise distance of the

symmetrical coelurosaur subsample, see Table 3). This

included all subsamples taken with the intention of

emphasizing other aspects of tree shape, with the excep-

tion of the aforementioned symmetrical coelurosaur

subset. In our empirical disparity-through-time analyses,

symmetry consistently and positively covaried with mor-

phospace dispersion. In contrast, stemminess exhibited

negative or no covariation with morphospace occupation,

depending on the dataset analysed.

Consensus of simulated and empirical data analyses in

relation to sampling

Taken together, the analyses based on simulated and

empirical data demonstrate that tree symmetry and stem-

miness can predict the impact of sampling on mor-

phospace occupation. It therefore follows that sampling

practices that introduce tendencies in datasets towards
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F IG . 11 . Sum-of-variances-through-time of coelurosaur dataset partitioned by stratigraphic age. This plot graphically depicts some

of the results presented in Table 4 for ease of understanding. Error bars present the 90% confidence interval of 100 bootstraps; the

bold line connects the median sum of variance values of each partition. Shading of intervals displays whether the changes in median

sum of variances between samples follow predictions informed by variations in partition subtree symmetry. Intervals presenting posi-

tive covariance between the sum of variances and tree symmetry are shaded blue; intervals presenting negative covariance are shaded

red. Tables 4 and 5 present the results of these analyses for all combinations of dataset, index and tree parameter.

TABLE 4 . Percentage of stratigraphic intervals where disparity

indices positively covaried with subtree symmetry.

Avetheropod

(%)

Coelurosaur

(%)

Mammal

(%)

Crinoid

(%)

Mean pairwise

distance

61.54 81.25 71.43 66.67

Sum of variances 54.55 81.25 62.50 66.67

Mean distance

from centroid

63.64 81.25 62.50 66.67

Sum of ranges 54.55 81.25 62.50 73.33

TABLE 5 . Percentage of stratigraphic intervals where disparity

indices positively covaried with subtree stemminess.

Avetheropod

(%)

Coelurosaur

(%)

Mammal

(%)

Crinoid

(%)

Mean pairwise

distance

30.77 50.00 71.43 43.75

Sum of variances 36.36 50.00 50.00 43.75

Mean distance

from centroid

36.36 50.00 50.00 43.75

Sum of ranges 36.36 46.15 50.00 37.50
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specific tree shapes have the potential to bias mor-

phospaces towards specific distributions. If sampling

introduces marked differences in tree symmetry between

clades, our results suggest that artefactual differences in

morphospace occupation will be introduced. Specifically,

clades with more balanced topologies may appear more

dispersed within morphospace than those with greater

imbalance. For these artefacts to manifest, the contrast in

tree symmetry between clades must be pronounced; subtle

differences do not introduce detectable signals. Compar-

isons of the results of our simulated and empirical analy-

ses support this notion; the marked difference in

symmetry between the generating trees was evident when

the simulated data were compared but was not replicated

when the empirical datasets were selectively subsampled.

As all four empirical trees were variably imbalanced to

begin with, the subtrees derived through selective subsam-

pling exhibited less divergence in terms of topological bal-

ance than the contrasting trees used in the simulations,

which were fully symmetrical and asymmetrical respec-

tively. As such, it is unsurprising that the simulations

recovered a strong predictive relationship between tree

symmetry and morphospace dispersion while the empiri-

cal analyses did not.

Tree symmetry generally increases as the number of

tips decreases (Mooers & Heard 1997), therefore, it is to

be expected that smaller samples will have a higher likeli-

hood of presenting more balanced topologies. This

expectation was borne out in our empirical disparity-

through-time analyses; positive covariation between sym-

metry and morphospace dispersion through time was

observed across all four datasets. This has implications for

the interpretation of disparity-through-time analyses, as

subtle biases in sampling between partitions introduced

during dataset assembly may affect perceptions of evolv-

ing morphospace occupation. Furthermore, tree symmetry

has a predictive relationship with the contribution of

nodes to perceptions of evolving disparity-through-time;

along balanced trees, nodes present a gradual increase in

dispersion across morphospace, whereas along imbalanced

topologies, the distribution of nodes remains compact

and static.

Sampling approaches that introduce differences in

stemminess between clades can create perceived differ-

ences in otherwise comparable patterns of morphospace

occupation. As with tree symmetry, increases in stemmi-

ness predict greater dispersion within morphospace while

decreases predict compaction. However, this compaction

might not be evident when the size of the area of

explored morphospace is characterized, as highly diver-

gent peripheral morphotypes can drastically expand the

envelope of occupation. Long external branches predict

the presence of these peripheral morphotypes. Sampling

biases reflected in stemminess have a much stronger effect

on morphospaces than those captured by the symmetry

of a tree. Subsampling or partitioning a dataset is unlikely

to introduce biases reflected in stemminess as such an

approach also introduces differences in total branch

length between subsets. The inconsistent covariation

between stemminess and morphospace dispersion pre-

sented by our empirical disparity-through-time analyses

demonstrate this. Accounting for these differences, as we

did in our selective subsampling of the empirical datasets,

reveals a strong predictive relationship between stemmi-

ness and morphospace dispersion, but one that is unlikely

to manifest in standard analyses of empirical data.

The recovery of comparable trends in disparity-

through-time between datasets simulated along contrast-

ing ultrametric and non-ultrametric trees suggests that

the application of ancestral state estimation methods to

some extant datasets may provide sufficient data to infer

historical trends comparable to those seen in palaeonto-

logical data. To date, such methods have been used to

supplement palaeontological data in analyses of morpho-

logical disparity (Brusatte et al. 2011), but not as a substi-

tute. Further experimentation with a variety of tree

shapes and datasets is required to thoroughly assess the

viability of this approach. However, it at least appears

plausible that ancestral state estimation could give utility

to some neontological datasets in studies of disparity-

through-time.

Artefacts of sampling

Tree shape reflects taxon and character sampling. As

cladistic datasets are constructed for the purpose of

grouping taxa accordingly to their morphological similar-

ity, it is to be expected that the taxa and characters

assembled differ from those that would have been

included had the intention been to distinguish between

them, as is the case in analyses of disparity (Gerber

2019). As such, some sampling bias between clades char-

acterized in a dataset is probably unavoidable. The evalu-

ation of underlying tree and subtree shapes can help

identify these areas of insufficient sampling and inform

mitigatory measures. However, there are a number of

practices adopted during the assembly of cladistic datasets

that have the potential to introduce stronger, more con-

cerning artefacts in analyses of morphospace occupation.

A common occurrence in phylogenetic discrete charac-

ter matrices is the different intensities with which the

ingroup and outgroups are sampled (e.g. Prentice et al.

2011; Romano 2019). Typically, the ingroup will be sam-

pled more exhaustively than the outgroup since it is, by

definition, the focus of any phylogenetic analysis; the out-

group is sampled only to establish evolutionary polarity

and its membership can be little more than perfunctory.
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This results in trees that are more asymmetric than would

be expected from complete, uniform, or random sampling

of taxonomic diversity, with the asymmetry concentrated

near the root. Consequently, even if the overall diversities

of the ingroup and outgroup are equal, our results indi-

cate that the outgroup will present an artefactually com-

pacted pattern of morphospace occupation while the

ingroup will appear relatively dispersed. However, as out-

groups are reliably excluded from cladistic datasets

employed in analyses of morphological disparity, so too

are the biases associated with their inclusion.

The inclusion or exclusion of fossil taxa can also have

implications for perceptions of morphospace occupation.

Since trees of extant species are typically more balanced

than trees of extinct species (Harcourt-Brown et al.

2001), extant members of clades may appear more mor-

phologically diverse than their extinct relatives by virtue

of their geological age alone. Taxonomic rank heterogene-

ity, commonplace in cladistic matrices (e.g. Prentice et al.

2011; Brusatte et al. 2014; Bapst et al. 2016), is another

product of taxon sampling that is reflected in the branch

length distribution of a tree. The collapse of diverse lin-

eages into monotypic terminals simultaneously reduces

the stemminess of the overall tree while also introducing

long external branches. Consequently, this practice is

expected to bias clades towards compact distributions

within morphospace orbited by highly divergent periph-

eral morphotypes.

As with taxon sampling, tree shape also reflects the

character composition of a dataset, particularly in terms

of branch length distribution. When branch length quan-

tifies the amount of evolutionary change taking place, dif-

ferent edges capture different types of character evolution.

Coarsely, internal stem branches characterize synapomor-

phic character evolution while external leaf branches

express the evolution of autapomorphies. Following this

logic, our results demonstrate that stem branch length

predicts the dispersal of taxa within morphospace while

leaf branch length predicts the margin by which periph-

eral morphotypes will diverge.

Autapomorphies are uninformative in parsimony-based

phylogenetic analyses; a fact that has led to the perception

that their undersampling is to be expected in cladistic

datasets (Gerber 2019). Such a deficiency would be

reflected in the truncation of what would otherwise be

relatively long external branches and would manifest as a

morphospace that underestimates the divergence of

peripheral morphotypes. However, it is now apparent that

the sampling of autapomorphies in cladistic datasets may

be more representative than previously thought (Gerber

2019). Similarly, homoplastic characters may not be as

poorly sampled in cladistic datasets as is often assumed

(Wagner 2012; Hughes et al. 2013; Gerber 2019). Never-

theless, undersampling remains a potential issue that

should be assessed and addressed. How homoplasy shapes

morphospace is poorly understood. As such, our results

cannot speak to the impact of adding, omitting or modi-

fying such characters, with the exception of one specific

sampling practice: when a homoplastic character is bro-

ken down into a series of autapomorphies. As this prac-

tice reassigns character evolution from internal to

external branches, the former will decrease in length while

the latter increases. Such changes in tree shape predict a

morphospace that underestimates dispersion and overesti-

mates peripheral morphotype variance.

Beyond decisions made during dataset assembly, it

must be recognized that the non-uniformity of the fossil

record precludes representative sampling of morphologi-

cal diversity. Preservation varies among anatomical fea-

tures (e.g. Kidwell & Flessa 1995; Behrensmeyer et al.

2000), depositional environments (e.g. Patzkowsky &

Holland 2012), sedimentary basins (e.g. Holland 2016)

and through time (e.g. Foote et al. 2007). Consequently,

it is to be expected that for most clades, entirely faithful

characterizations of the evolution of morphological dis-

parity are not possible.

Biological trends

While the contribution of synapomorphies is relatively

well understood (Guillerme et al. 2020a), the role that

autapomorphies play in shaping morphospaces is less set-

tled. Historically considered to be essential for under-

standing trends in evolving phenotypic variance through

time (Gould 1991), recent analyses have suggested the

opposite, that autapomorphies have little impact on mor-

phospace occupation (Cisneros & Ruta 2010; Ruta &

Wills 2016; Deline et al. 2018). Our results demonstrate

that their contribution is subtle; autapomorphic charac-

ters contribute little to the overall dispersal of taxa within

morphospace, which is predominantly characterized by

synapomorphic character evolution. However, including

autapomorphies does expand the overall size of the area

explored by increasing the range of phenotypes present in

each dimension post-ordination. Autapomorphies and

synapomorphies characterize different types of mor-

phospace; synapomorphic subspace is defined by charac-

ter combinations that are theoretically achievable by

multiple taxa, whereas autapomorphic subspace can only

be traversed by a single taxon by virtue of the defining

trait being unique. Large amounts of autapomorphic sub-

space can create the false perception that a morphospace

is undersaturated, even when the synapomorphic sub-

space of a clade is well explored. It is important to distin-

guish between such a distribution and one borne out of

genuine undersaturation of the synapomorphic subspace,

as each has different implications for the evolutionary of
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a clade. Assessing the tree shape of a dataset in conjunc-

tion with the morphospace it characterizes can help in

this regard, as long external branches can serve as indica-

tors for peripheral morphotypes.

Instances of convergence and reversal are important

evolutionary phenomena that should be taken into

account in analyses of morphological disparity (Foote

1996b; Gerber 2019). However, as the general perception

of homoplastic characters is that they are uninformative

and potentially misleading in analyses of phylogeny, it is

to be expected that these phenomena are inconsistently

codified in cladistic datasets (Wagner 2012; Hughes et al.

2013). Instead, they may be completely ignored or codi-

fied as series of characters differentiated by assumptions

of homology. Depending on the prevalence of the homo-

plastic trait, codification may produce a series of autapo-

morphies, synapomorphies, or a mix of the two. Our

results suggest that alterations to the autapomorphy:sy-

napomorphy ratio of a discrete character dataset will

manifest in the morphospace it characterizes. Beyond this

simplistic prediction, however, we cannot speak to the

impact of homoplastic characters on morphospace as the

complex histories of character evolution they imply can-

not be inferred from tree shape. Nevertheless, poor

understanding of the relationship between homoplasy and

morphospace does not justify the absence of characters

that codify evolutionary convergence and reversal in data-

sets intended for disparity analysis.

Index choice

Of the three indices employed to characterize the area of

morphospace occupied by a clade, sum of ranges was the

only one to collapse under subsampling. This result

expands upon the body of evidence highlighting the

volatility of range-based indices, such as sum of ranges,

and the caution that should be taken when they are

employed to characterize morphospace occupation (see

Guillerme et al. 2020b). While their application can pro-

vide useful insights into the phenotypic divergence of

peripheral morphotypes, they should be employed in con-

junction with other indices that characterize the size of

the occupied area of morphospace by other measures.

Mean pairwise distance, sum of variances, and mean dis-

tance from centroid covaried across all analyses of the sim-

ulated data, but not those exploring the empirical matrices.

This is consistent with the notion that there is some over-

lap in aspects of the morphospace they characterize but that

the indices are ultimately distinct in their meaning; mean

pairwise distance best characterizes density, while sum of

variances and mean distance from centroid measure size

but also take the spacing of taxa into account to some

degree. As anticipated by Wills (2001), the intertaxon

spacing of empirical samples with high morphological vari-

ance was not consistently characterized by their sum of

variances in a representative way. These inconsistencies are

evident when the mean pairwise distance of the samples is

used to characterize the density with which they occupy

morphospace, which speaks to the importance of employ-

ing multiple indices in analyses of disparity. The presence

of this inconsistent relationship between mean pairwise dis-

tance, an index of density, and the sum of variances and

mean distance from centroid suggests that classification of

the latter as indices exclusively characterizing size or density

may be misrepresentative, and that it may be pertinent to

consider them to be measures of dispersion as originally

intended (Foote 1992).

Recommendations for disparity analysis

Disparity analyses are powerful tools for gleaning insights

into the structure and evolution of morphological diversity.

However, as morphological disparity is comparative, wan-

ton application of these methods to available datasets does

little to illuminate the evolutionary history of clades with-

out context. Hypothesis-driven approaches remain the

most powerful application of disparity methods, for within

well-designed, interrogative frameworks, such analyses yield

results with genuine meaning, rather than inductive char-

acterizations of morphological diversity. In keeping with

this targeted approach, datasets analysed in disparity

frameworks should be bespoke, assembled specifically for

the question at hand. However, the assembly of purpose-

built disparity datasets may not always be practical due to

time constraints, source data availability, and other such

limiting factors. In such cases, pre-existing cladistic datasets

can constitute a valuable source of information for analyses

of morphospace occupation. However, the taxon and

character-sampling strategies that inform their construc-

tion, recognizable in the tree shape of the data, undermine

their uncritical repurposing and exacerbate the problem of

fossil record non-uniformity. Our results provide corrobo-

rative support for existing proposals of best practice in

preparing cladistic datasets for disparity analysis (Hughes

et al. 2013; Lloyd 2016; Gerber 2019). Prior to analysis,

phylogenetic outgroups should be removed from the data-

set. Taxonomic coverage should be evaluated to achieve

proportional sampling of morphological diversity, either

through the addition or removal of taxa. Depending on

the question being asked of the data, this evaluation should

consider taxonomic coverage as a whole and through time.

Taxonomic rank heterogeneity should be addressed either

by collapsing tips into higher-rank taxa or by replacing

higher taxa with multiple lower-rank subtaxa. Character

composition should also be assessed, particularly in terms

of potential biases against the inclusion of homoplastic and
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autapomorphic characters in cladistic matrices (Gerber

2019). Rather, disparity matrices should seek to propor-

tionately sample characters codifying all types of morpho-

logical evolution.

Tree shape can serve as a good indicator of whether

taxon sampling will impact on perceptions of mor-

phospace occupation, as characterized by a dataset. If there

is reason to suspect such artefacts have been introduced,

we recommend that subsampling approaches are adopted

to generate distributions of disparity suitable for compari-

son. While random subsampling may be sufficient to

account for biases introduced by peripheral morphotypes

and other products of sampling (Guillerme & Cooper

2018), it is important to ensure that the subsamples gener-

ated capture a spectrum of tree shapes. If not, it may be

pertinent to manually generate subsamples so the interac-

tion between tree shape and taxon content can be directly

addressed. Subsampling of the character set may also prove

insightful, particularly in disentangling the contributions of

different character types to perceptions of morphospace

occupation (e.g. Deline et al. 2018). Tree shape can be used

to infer whether subsampling by character type (i.e.

autapomorphies vs synapomorphies) will return meaningful

differences in morphospace occupation. Across all analyses,

multiple indices of disparity should be employed so that

the nuances of the morphospace occupation of each clade

can be effectively characterized (Guillerme et al. 2020b).

CONCLUSION

Sampling practices employed in the construction of cladis-

tic datasets can introduce artefacts that manifest in analy-

ses of morphological disparity. As tree shape reflects taxon

sampling and character composition, it can be used to

predict the impact of such artefacts. Specifically, topologi-

cal symmetry and the apportioning of branch length

between internal and external branches can predict pat-

terns of morphospace occupation. Symmetrical trees with

relatively long internal branches predict greater dispersion

within morphospace, while asymmetrical trees with rela-

tively short internal branches are predictive of more com-

pact distributions. Long external branches predict greater

divergence by peripheral morphotypes from the broader

clade. Sampling practices that are reflected in the branch

length distribution of a tree introduce much stronger

biases into analyses of morphospace than those captured

by symmetry. However, artefacts reflected in branch length

distribution are much less likely to be unintentionally

introduced through subsampling than those predicted by

symmetry. In disparity-through-time analyses, tree sym-

metry predicts the contributions of ancestral phenotypes

to perceptions of evolving disparity, while branch length

distribution provides no such information. Furthermore,

sampling practices that are reflected in branch length dis-

tribution appear to have little effect on perceptions of

disparity-through-time. This speaks to unexplored poten-

tial of ancestral state estimation in giving utility to extant

taxon datasets in analyses of historical trends. Collectively,

these findings highlight the need for careful consideration

of the sampling practices adopted during the construction

of cladistic datasets prior to their recycling in analyses of

disparity. The artefacts these practices introduce should be

assessed and addressed through dataset augmentation and

modification. Going one step further, datasets purpose-

built for analyses of disparity circumvent all of these

issues. When morphological diversity is faithfully repre-

sented, differences in tree shape between clades can speak

to genuine differences in morphospace occupation. Such

representative sampling is essential in analyses of disparity,

lest artefacts of sampling be mistaken for genuine evolu-

tionary phenomena.
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