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The morphological disparity of species within major clades shows a variety of
trajectory patterns through evolutionary time. However, there is a significant
tendency for groups to reach their maximum disparity relatively early in
their histories, even while their species richness or diversity is comparatively
low. This pattern of early high-disparity suggests that there are internal con-
straints (e.g. developmental pleiotropy) or external restrictions (e.g. ecological
competition) upon the variety of morphologies that can subsequently evolve.
It has also been demonstrated that the rate of evolution of new character
states decreases in most clades through time (character saturation), as does
the rate of origination of novel bodyplans and higher taxa. Here, we tested
whether there was a simple relationship between the level or rate of character
state exhaustion and the shape of a clade’s disparity profile: specifically, its
centre of gravity (CG). In a sample of 93 extinct major clades, most showed
some degree of exhaustion, but all continued to evolve new states up until
their extinction. Projection of states/steps curves suggested that clades realized
an average of 60% of their inferred maximum numbers of states. Despite a weak
but significant correlation between overall levels of homoplasy and the CG of
clade disparity profiles, there were no significant relationships between any
of our indices of exhaustion curve shape and the clade disparity CG. Clades
showing early high-disparity were no more likely to have early character
saturation than those with maximum disparity late in their evolution.

1. Introduction

Much like the species and individuals that constitute them, all clades have an
origin and all must ultimately suffer extinction. Their intervening histories, how-
ever, can follow a variety of complex trajectories. The study of these patterns is
central to the study of macroevolution, with questions centring on whether
there is a typical pattern [1-7], whether the fortunes of clades are positively or
negatively correlated [8-13] and whether there are particular responses to
marked environmental changes [14]. Clade evolution is commonly studied by
plotting diversity (numbers of constituent species, genera or higher taxa) through
time, which can highlight periods of elevated diversification, extinction and turn-
over, as well as potential interactions between groups [15-20]. All Phanerozoic
diversity curves affirm some form of increasing trajectory, variously modified
by physical and biological factors [21]. Diversity change within individual
clades can be modelled using relatively simple birth/death processes with con-
stant parameters [22], which predict symmetrical clade shapes—waxing and
waning diversity through time—as a null. More complex and asymmetrical pat-
terns result from models in which parameters are varied through time [6,23,24].
Gould et al. [25] summarized the evolutionary trajectories for extinct clades
using a simple measure of their centre of gravity (CG), with a symmetrical
clade trajectory having a CG of 0.5. Empirical studies revealed a tendency towards
bottom-heaviness (CG < 0.5), with clades typically reaching their highest
diversity relatively early in their evolution.
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1.1. What is disparity?

In addition to assessments of diversity, it is increasingly
common to investigate the morphological variety or disparity
of clades through time (see summaries in Erwin [26] and
Wagner [6]). All indices of disparity are relative and depend
upon the nature of variables used to quantify form and the
manner in which these variables are summarized [27]. Most
use some form of morphospace; a multidimensional space-
filling plot in which the distances between taxa are
proportional to the measured morphological differences
between them [28]. These may themselves be visualized
using data reduction and ordination techniques (e.g. principal
components or coordinates) to summarize variation in the orig-
inal set of morphological variables within a smaller number of
abstracted axes. Several indices of disparity assess the distri-
bution of taxa in such morphospaces: for example, by adding
the ranges or variances on successive axes (a boxing approach),
using convex hulls or determining the mean distance between
all pairs of taxa. Indices can then be used to compare the dis-
parity of constituent subclades, or to track the morphospace
occupation of one or more groups through time, thereby build-
ing up a disparity profile [6,28—-32]. When multiple disparity
indices are used to capture variation in the same aspects of
form, these often show a high degree of congruence. However,
conflicting patterns are possible, depending upon the variance
structure of the data [28-32].

Counterintuitively, diversity and disparity appear to be
fundamentally decoupled [6]. Some periods or clades contain
modest numbers of species that are nevertheless highly dis-
tinct morphologically, whereas others contain much greater
numbers of morphologically very conservative species.
More broadly, some of the most speciose groups (e.g. beetles
and insects more generally) have some of the most con-
strained bodyplans; indeed, there are suggestions that a
constrained and entrenched bodyplan might even be condu-
cive to higher diversity [33]. Because clades evolve by lineage
branching, we would expect a progressive exploration of
morphospace even via a random walk. Once occupied, how-
ever, random extinction processes will tend to winnow out the
space, but are less likely to leave large regions entirely vacant.
All other things being equal, therefore, clades might be expected
to have top-heavy disparity profiles through time, although
driven evolutionary trends and selective extinction patterns
may easily combine to yield a diversity of profile shapes. Empiri-
cal investigations for major clades over the past 25 years also
show many different patterns, but the most common counterin-
tuitively entails comparatively high-disparity relatively early in
the clade’s history (see also simulations by Foote [24,34,35]).
Many groups therefore appear to explore the range of available
‘design’ options quite quickly, with subsequent evolution
principally serving to increase diversity, possibly by the
progressively fine subdivision of niche space [7,26,36].

1.2. Why might clades show early high-disparity?
One possible explanation for early high-disparity is that there
are constraints and restrictions upon the available morpho-
space, thereby limiting the potential for expansion [37-40].
Once filled, the space can only be subdivided or vacated
unless the constraints are removed or a clade evolves so
as to circumvent them [41]. Such limits can be broadly classi-
fied in four categories: geometric, ontogenetic, physical
and environmental.

Geometric constraints are those that can be predicted for n

any form in any context (many shapes are geometrically
impossible), and are not limited to biological structures.
Additional limits are imposed by particular generative pro-
cesses [42] such that ontogeny can sometimes also be
modelled geometrically. In such cases, it may be possible to
delimit a morphospace theoretically [43], subsequently plot-
ting real specimens within this. The best-known example is
the shell of molluscs [44]. All forms—from simple cones (e.g.
belemnites, patelloid limpets and hyolithids) to planispiral
coils (e.g. many ammonites and bivalves) and translated coils
(e.g. most gastropods)—can be modelled with reference to
three or fewer variables that describe growth patterns,
defining the theoretical morphospace. Forms outside of this
are geometrically and ontogenetically impossible; typically,
because the shell cannot grow through itself. However, many
regions of the theoretical space are never occupied [42]. Actua-
lized morphologies are limited to a relatively small fraction of
the space, despite the half-billion-year history of molluscs,
during which time groups have repeatedly re-radiated in the
wake of mass extinctions, and within which there is rampant
convergence in gross form [45-47]. Additional limits must
apply, therefore. There are more ontogenetic constraints upon
form than those predictable geometrically. Organisms develop
by the complex interplay of mutually inductive systems and
feedback loops, themselves underpinned by cascades of
genetic control: not all developmental trajectories and mor-
phologies are possible [48]. Further limits to the evolution of
disparity are physical, but understanding these requires
additional knowledge of biological context. Form is limited
by the properties of biological materials, but the performance
of such materials depends upon the function of the structures
that they compose, and the context and environment in
which they are deployed. For example, the physical constraints
upon walking [49-52] and swimming [53,54] vertebrates differ
from an engineering standpoint. Environmental restrictions [6]
can therefore be both physical and biological, and might be
broadly defined as all those factors that determine the avail-
ability of ecospace or niche space. A lineage can only evolve to
realize a particular morphology if there are selective advantages;
not only to the endpoint, but also to all intermediate forms along
that evolutionary trajectory. The physical and biological
environments are also dynamic and coupled systems.

1.3. (an we detect the operation of limits on disparity
from levels and patterns of homoplasy?

If a clade has evolved to explore the limits of its morphospace,
then its constituent lineages (variously prevented from
exploring novel morphologies) might be more constrained or
restricted to revisit previously occupied regions. This could
be realized as increased levels of character state reversal and
convergence. Overall levels of homoplasy might therefore be
expected to be higher in constrained clades than in those free
to colonize new regions of their morphospace. Most indices
of homoplasy are influenced by dataset dimensions [55], but
the homoplasy excess ratio (HER) of Archie [56] is a relatively
unbiased ensemble metric that can be compared across clades
[57]. The commonly reported ensemble consistency index is
simply the ratio of the minimum possible number of steps
(i.e. the number of derived states; MINL) to the number of
steps observed on the optimal tree(s) (L). By comparison, the
HER includes a term for the mean number of steps in optimal
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trees inferred from randomized data (MEANNS); specifically, a
large number of matrices in which the assignment of states has
been randomized within characters but across taxa. The HER is
then given by

L — MINL
MEANNS — MINL"

HER =1.0 -

Nonetheless, overall levels of homoplasy may be less informa-
tive than the trajectory with which homoplastic changes are
accrued in transitioning from the root to the terminals of a phy-
logeny. Wagner [58] noted that the rate of novel character state
evolution usually decreased over the lifetime of a clade [59,60],
with some groups approaching an asymptote and therefore
character state exhaustion. If the disparity profile of clades
were shaped by such exhaustion patterns, then we might
expect clades reaching the bounds of their morphospaces
early in their evolution (early high-disparity and low CG)
to approach an earlier asymptote in numbers of realized
states (character state saturation). We therefore test for such
relationships here.

2. Methods
2.1. Indices of disparity

A comprehensive discussion of methods, in addition to a presen-
tation of discrete character morphospaces, disparity profiles and
summary statistics is given in Hughes et al. [7]. A brief summary
is provided here. Our 93 discrete character matrices for metazoan
clades were all sampled uniformly with respect to higher taxon-
omy, or were edited (by generating composite taxa) in order to
standardize coverage [7]. For each clade, intertaxon distance
matrices were calculated using the generalized Euclidean dis-
tance metric of Wills [32]. These matrices were ordinated in R
(v.3.0.1) [61] using principal coordinates analysis [36] and imple-
menting Caillez’s [62] correction for negative eigenvectors.
Stratigraphic ranges for each constituent taxon were assigned
to stages as defined in the International Stratigraphic Chart
2009 [63,64], whereas stratigraphic range data were sourced
from Sepkoski Online [65], the Fossil Record 2 [66] and the Paleobiol-
ogy Database [67]. Our index of disparity was calculated as the
sum of variances on all principal coordinate axes (a maximum
of n—1 coordinates, where 7 is the number of sampled taxa),
with the trajectory of disparity through subsequent time bins
yielding a profile through time. A centre of gravity metric
[25,68] in absolute time (CG,,) was calculated for each profile as

Sd;t;
CG,, = Sd;

where d; is the disparity at the ith stratigraphic interval and ¢, the
temporal midpoint in absolute time (Myr) of the ith stratigraphic
interval. This was subsequently scaled between the ages of the

oldest (foidest) and youngest (fyoungest) intervals to yield an
index of observed CG (CGgcaleq) between 0 and 1.

toldest — CGm

Foldest — tyoungest

CGscaled =

A clade with uniform disparity through time is highly unlikely to
have a CGggaleq Of 0.50. Rather, the null CGgcaleq is determined by
the durations of the time bins constituting the profile. The observed
CGgcaleq Was therefore scaled relative to the inherent CG (CG;) for a
clade of constant disparity spanning the same intervals. A boot-
strap resampling procedure was used to generate a distribution
of 1000 differences between CGgaeq and CG;. Clades for which
more than 97.5% of these replicates lay either above or below the
CG inherent in the timescale (p < 0.05) were deemed to be

significantly top or bottom heavy, respectively [23]. Observed n

CGgcalea Was ultimately expressed relative to CG; as a baseline,
hereafter, simply CG.

We also implemented tests for early high and late high-
disparity; specifically using a bootstrapping approach to determine
if the disparity observed in the first or last two stages could be
distinguished from the maximum level attained by the group.
The 93 study clades were thereby classified as showing early or
late high-disparity, and we tested for differences in our indices of
homoplasy and character state saturation in these categories
using Mann-Whitney U-tests.

A simple index of the extent to which a clade was constrained
within its morphospace was derived by expressing the maximum
intertaxon Euclidean distance within any time bin as a fraction of
the maximum distance across all time bins. Clades closest to this
maximum might also be expected to show higher levels of
overall homoplasy and state saturation [7].

Finally, we also derived an index of the degree to which a
clade migrated throughout its morphospace during the course
of its evolution, because constant levels of disparity through
time need not necessarily imply the static occupation of morpho-
space. We modified the Dporpno index of Huang et al. [69] to
provide an index (Dcentroid) Of the degree to which the centroid
of sampled taxa migrates throughout the morphospace through-
out the history of the clade. For each time bin, the mean scores of
the sampled taxa on each principal coordinate axis were calcu-
lated, defining the group centroid. The difference between the
positions of the centroid in successive time bins on a given axis
was standardized by dividing it by the full range of values rea-
lized by all taxa in all time bins. These standardized univariate
distances were then used to calculate Euclidean distances
between the centroid positions in successive time bins (univariate
standardized distances were squared, summed and the total
square rooted). Finally, the distances between all successive
time bins were summed (1 — 1 comparisons for # time bins; the
first time bin being a reference). Where time-series data were
missing, the centroid was assumed to have remained stationary
from the preceding bin.

2.2. Phylogenies and indices of homoplasy

A single outgroup taxon was used to infer ancestral character states
at the base of each focal ingroup clade. Phylogenies were inferred
in the program "Tree analysis using New Technology’ (TNT) [70]
using Xmult level = 10, which performs a random sectorial
search combined with ratchet, drift and tree fusing, followed by
TBR branch swapping. The resulting most parsimonious trees
(MPTs) sometimes differed from those in the source publications,
especially where the taxon sample had been reduced. In cases
where multiple MPTs were obtained, we selected the tree most
congruent with that presented in the original publication. The
character exhaustion analysis required fully resolved (dichoto-
mously branching) trees, so polytomies were resolved
stratigraphically (branching in a pectinate sequence matching
their order of first fossil occurrences). It has been demonstrated
that the precise trees used in character exhaustion analyses have
relatively minor effects upon the results [58]. Moreover, using
incorrect MPTs introduces a conservative bias because they mini-
mize the number of steps required to achieve the observed
number of character states; longer trees (even if more accurate)
necessarily imply greater exhaustion by implying that greater
‘sampling’ of character space fails to yield additional novel
states. Overall homoplasy levels were assessed using the HER of
Archie [56], an index that is relatively insensitive to differences in
data matrix dimensions. Five hundred randomly permuted
matrices were used in each case, each subjected to TNT searches
as above.
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(0)
branch | span steps states | total steps | total states
1 M-J 5 5 5 5
2 -G 1 1 6 6
3 J-F 3 3 9 9
4 M-L 2 2 11 11
5 L-E 8 6 19 17
6 L-K 3 2 22 19
7 K-H 3 2 25 21
8 H-B 3 0 28 21
9 H-A 1 1 29 22
10 K-1 3 1 32 23
11 I-D 2 1 34 24
12 1I-C 3 2 37 26

(b
A B C D E F G
Q
g
ordering of branches
1. first stratigraphic occurrences
2.nodal proximity to root
3. new states proximity to root
(d)

30 ]

20 N
s & 7
8
=
S
10
0 10 20 30 40

total steps

Figure 1. Generating character saturation curves. (a) Step 1: ancestral states are reconstructed on a phylogeny in order to determine character transitions along each
branch. Horizontal bars on branches indicate character state changes. Asterisks denote homoplastic changes (steps) that are not also new states. Branches are
numbered within squares, and pairs of numbers above these indicate number of steps and number of novel states respectively. (b) Step 2: branches are ordered
by stratigraphic occurrence, proximity to the root and number of new states. (c) Step 3: the number of steps and new states along each branch in the resulting
sequence (denoted by the values in hoxes) are calculated, along with running totals. (d) Step 4: the cumulative total of new states is plotted against the cumulative
total of steps to generate a saturation curve. The dotted line indicates the trajectory (gradient of 1.0) for the hypothetical situation where there is no homoplasy, and

all steps are novel states. (Online version in colour.)

Character exhaustion analyses were performed using the
method and scripts of Wagner [58] (figure 1). Character states
for ancestral nodes were reconstructed using Fitch parsimony
[71], and all nodes were numbered. A traversal of the tree from
the root to the terminal branches was used to tally a cumulative
total of character change steps and novel states. Working
from the basal node, branches were added in order of their strati-
graphic age (as given by the age of the oldest fossil representative
of the clade that the branch leads to), then by their nodal proxi-
mity to the root, and finally according to the smallest numbers of
novel states evolving along them. As fossil data are unavailable
for unsampled internal nodes, many of the internal branches
could not be ordered by stratigraphic age and so were ranked
according to the last two criteria. This does leave ties. For
example, consider six taxa that appear in the same stratigraphic
interval with hypothesized relationships ((A,(B,C)),(D,(EF)).
The basal node necessarily precedes the (A,(B,C)) and (D,(E,F))
nodes, and those two nodes necessarily precede the (B,C) and
(E,F) nodes, respectively. However, neither the (A,(B,C)) nor
(D,(E,F)) sister nodes necessarily precede each other [72], and
the “cousin’ nodes (B,C) and (E,F) cannot be ordered relative to
each other either. Therefore, such sister-taxon and ‘Xth cousin’
ties were resolved randomly, but with second cousin nodes pre-
ceding third cousin nodes. This ordering strategy is the most
exact possible without recourse to stratigraphic data of higher res-
olution to subdivide branches. Such data are unavailable for the
vast majority of our sampled clades. In addition, it is not uncom-
mon for multiple fossil taxa to have their first occurrences at the

same locality, resulting in ties, regardless of the temporal resol-
ution available. Another approach would be to use arbitrary
evolutionary models to calibrate branch lengths [73-75], and to
assign character changes between known occurrences [76]. How-
ever, such models will bias results towards favouring character
exhaustion. Longer branches with more novel character states
will be pulled closer to the root, causing novel states to appear
earlier in evolutionary time. This will be more pronounced if
rate-variation among characters is permitted, because characters
with a greater number of novel states will evolve at a faster
rate, thereby concentrating the novel state changes on branches
with deeper divergence times. In addition, it has been shown
that different branch scaling methods can markedly influence
the evolutionary inferences derived from trees [77]. Our approach
is therefore a conservative one, insofar as it is more likely to defer
the appearance of novel character states until later in our character
exhaustion curves (inferred exhaustion will be less marked) and is
not contingent upon arbitrary models of character evolution.

For each branch in the ranked sequence, the total number of
character state changes (steps) and the total number of novel
character states (states) was calculated and added to the cumulat-
ive total. Plotting the cumulative number of states against the
cumulative number of steps yielded a states/steps curve for
each of the 93 clades.

All subsequent analyses were implemented in R (v. 3.0.1) [61].
The shape of each states/steps curve was quantified in two ways
(figure 2). First, we recorded the fraction of total observed steps at
which an arbitrary threshold (50%) of the maximum number of
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Figure 2. Quantifying character saturation from state/steps curves. (a) The 50% threshold is defined as the number of steps taken to reach 50% of the total number of
character states (a) divided by the total number of observed steps (a + b). (b) The fraction of maximum states is defined as the total number of observed character
states (c) divided by the estimated maximum number of possible character states (d) from the asymptote of the Michaelis—Menten curve. (Online version in colour.)

observed states was reached. Second, we calculated the CG for each
states /steps curve (in an analogous manner to the CG for disparity
profiles) and scaled this relative to the number of steps in the clade.
The most convex curves with the highest initial gradients (i.e. those
more quickly approaching an asymptote) yielded the lowest values
forboth indices. We also estimated the overall degree of saturation at
clade extinction by fitting Michaelis—Menten nonlinear regression
curves [78-80] to the data based on the assumption that the
number of character states would eventually reach an asymptote
(i.e. that the character space was finite). We then expressed the maxi-
mum number of observed states as a fraction of the inferred
maximum. Low values in this context indicated clades that were
further from saturation at their extinction.

Finally, each dataset was fitted to Wagner’s idealized models
of character evolution [58]. Log-likelihood values were used to
assess whether a null model of a step-independent (linear)
model of character evolution could be rejected in favour of
step-dependent models indicating exhaustion.

3. Results

All summary statistics are given in table 1. Of our 93 sampled
clades, only two realized the maximum intertaxon Euclidean

distance for the entire morphospace within a single time bin.
Most appeared relatively free to evolve within the morphospa-
tial bounds, with a mean maximum observed distance (as a
fraction of the maximum possible) of 0.712. HERs had a
mean of 0.470 with a fairly typical distribution [55,56].
States/steps curves exhibited a range of shapes although
most were asymptotic and reached a slope less than 1
(figure 3), indicating that some degree of character state satur-
ation occurred in most groups. Of the 68 clades tested for fit
with Wagner’s models, the null model of a linear increase in
new character states was rejected in 60 cases. Although
nearly all clades showed a decrease in the rate at which new
states appeared after about 30% of the maximum number of
steps, 12 maintained a much reduced but constant rate of
addition of states over the remainder of their evolutionary his-
tory (e.g. cinctans; figure 3c). Some groups, such as
Aplodontoidea (mammalia; figure 3f), had stepped patterns,
indicating that the origin of novel states was concentrated in
a relatively small number of branches equidistant from the
root. This is similar to the pattern recently documented
within post-Palaeozoic echinoids [177]. The mean fraction of
steps at which 50% of states were realized was 0.307, with
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Table 1. (Continued.)
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values ranging between 0.103 (the most convex curve with fast-
est saturation) and 0.625 (the most nearly linear curve with the
least saturation). Michaelis—Menten curve fits all inferred
asymptotes in excess of the realized maximum at extinction;
observed maxima varied between 0.067 and 0.896 of the
inferred, with a mean of 0.583. These two indices of state satur-
ation were strongly negatively and highly significantly
correlated (rs = —0.873, p < 0.001; those clades taking longest
to reach 50% of the realized maximum tended to be those in
which the realized maximum was the smallest fraction of the
inferred, because the empirical curves were truncated by
extinction at the steepest gradients). CG indices for the empiri-
cal curves showed a narrow range of values as expected
(0.571-0.704), but correlated highly significantly with both
the empirical 50% thresholds (rs = 0.631, p < 0.001) and the
realized fraction of inferred states (1, = —0.578, p < 0.001).

There was a weak but significant negative correlation
between overall homoplasy levels and the disparity CG (rs =
0.227, p <0.029): clades with a lower CG (earlier higher
disparity) had greater homoplasy (lower HER) on average
(figure 4). However, we found no significant relationships
between disparity CG and any of our indices of satura-
tion curve shape (1, = 0.008, p = 0.941 for the 50% threshold;
rs = 0.091, p = 0.388 for the saturation curve CG; r, = —0.039,
p=0.708 for the Michaelis—Menten estimate of the realized
fraction of inferred states). Limiting the analysis to wholly
extinct clades that did not terminate coincident with a mass
extinction boundary resulted in weaker correlations for all
indices of character saturation except the 50% threshold point
(table 2). Finally, analysis of the CG of clades terminating at
mass extinction boundaries yielded similar results for indices
of character exhaustion but showed no correlation with
HER values. Maximum Euclidean distance within a time bin
correlated negatively with the Michaelis—Menten estima-
tes of the realized fraction of inferred states (rs = —0.229; p =
0.027), indicating that character saturation may be greater in
clades that reach their morphospatial bounds. However, no
correlation was found between character saturation metrics
and the amount of centroid deviation (50% threshold:
rs= —0.173, p = 0.097; saturation CG: r, = —0.183, p = 0.079
fraction of inferred states rs = 0.198, p = 0.057) implying that
clades that migrate through the morphospace are as likely to
show saturation as those that statically occupy a defined
region. The morphospace of clades that show early disparity
and similar saturation values (figure 5) reveals that some
clades continue to evolve new character states as they migrate
through the morphospace (e.g. disparid crinoids), whereas
others remain fixed and occupied space within existing
bounds (e.g. lichoid trilobites). Whether a clade showed early
or late high-disparity also had no effect on the degree of
character exhaustion within that clade (table 3).

4. Discussion

The significant but weak correlation between disparity CG and
overall levels of homoplasy demonstrates that clades with
higher disparity earlier in their histories are more likely
to show higher levels of character state reversal and conver-
gence. While this implies the operation of some constraint
or restriction (sensu Wagner [6]), the small size of the effect
(R*=0.030 if modelled linearly) suggests that some other
factor or factors are much more important. The absence of
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Figure 3. Example Michaelis—Menten functions fitted to state/steps data for different extinct animal clades. See text for explanation of how the fraction of
estimated maximum number of states was calculated. Points indicate cumulative totals as each branch is added. (a) Orthograptidae [171]. (b) Asaphina [172].
(c) Cinctans [173]. (d) Bothremydidae [174]. (e) Plesiosauria [175]. (f) Aplodontoidea [176]. (Online version in colour.)

significant correlation between disparity CG and any of our
proxies for states/steps curve shape indicates that disparity is
not shaped in any straightforward way by progressive exhaus-
tion of the character space. Patterns of disparity through time
cannot therefore be deduced straightforwardly from patterns
of homoplasy increase throughout the lifetime of clades, and
are only weakly influenced by overall homoplasy levels.
Many clades continue to evolve new character states with no
associated increase in their disparity, whereas others achieve
their highest levels of disparity through homoplastic character
change. Several clades (including crustaceans and priapulid
worms [180,181]) occupy a similarly sized morphospace envel-
ope throughout much of their evolution (similar disparity), but
nevertheless migrate through the overall morphospace. Other
clades (e.g. angiosperms, Jurassic ammonoids [182]) quickly
colonize many of the morphospatial extremes (reaching maxi-
mum disparity) but subdivide the envelope progressively
through time and continue to evolve new states. The major
axes of our empirical morphospaces are likely to be defined
by the principal patterns of covariation between character
states, and it is these patterns that largely determine Euclidean
eccentricity from the global centroids. Similarly, the most

eccentric (extreme) morphologies may embody sets of charac-
ter states that have individually evolved earlier in the history
of the clade, but never before in combination. Upon its first
evolution, a new state need not necessarily move a lineage to
a particularly eccentric position in the morphospace, neither
will it necessarily result in the expansion of the morphospace
occupied by contemporaneous taxa, particularly where the
space is contracting on other fronts.

In most of our sampled clades, new character states contin-
ued to evolve long after maximum disparity had been reached.
Major groups often share a conserved morphological template
or bodyplan (Bauplan), usually defined by character changes at
the clade’s base. This implies that some characters are relatively
invariant or become ‘fixed’, whereas other characters continue
to evolve new states. Neither conventional morphospace ana-
lyses nor our states/steps curves distinguished between
characters on the basis of their evolutionary or developmental
depth. State changes might therefore range from fundamental
shifts in body symmetry and organization (more typical of
those delimiting phyla), down to subtle changes in bristle pat-
terns at the other (perhaps more typical of species), yet all
contribute equally. Furthermore, as cladistic matrices are
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Figure 4. Disparity profile centre of gravity (CG) plotted against homoplasy excess ratio (HER) and estimates of character saturation. (a) Disparity (G versus HER.
(b) Disparity CG versus 50% threshold. (c) Disparity (G versus saturation curve (G. (d) Disparity CG versus fraction of the Michaelis-Menten estimate of the maximum
number of character states realized at extinction. r; and p-values are from Spearman’s rank correlation coefficient tests.

Table 2. p-values from Spearman rank tests for homoplasy excess ratio (HER) and three proxies of character exhaustion (fraction of the total number of steps at
which 50% of states are realized, (G of the saturation curve, and the fraction of the estimated number of states (inferred from Michaelis—Menten curve) that
are observed) correlated with disparity profile (G. Values are calculated for the entire dataset of 93 clades, the subset of 55 clades not becoming extinct
coincident with a mass extinction boundary and that have no extant survivors, and the subset of 31 clades that terminate at a mass extinction boundary.

50% saturation observed maximum states/
HER threshold curve (G estimated maximum states
disparity (G (entire dataset, n = 93) r,=10227 r, = 0.008 r, = 0.091 r, =0.039
p = 0.029 p = 0.941 p = 0388 p = 0.708
disparity (G (dade extinction not =025 r,= —0.107 r,= 0010 r, = 0037
coincident with mass extinction, p=10.035 p = 0436 p=0.940 p=0.786
n=>55)
} d|spar|ty « (cladeextmcnoncoquent B rs: s rs S }S; e rs: TR
with mass extinction n = 31) p = 0.649 p = 0438 p = 0.597 p = 0614

created with the express purpose of inferring relationships, the
characters within such matrices will primarily be synapomor-
phies of subclades. Deep synapomorphies (which may be
shared by all members of the focal clade) will usually be
absent, because they contain no useful phylogenetic infor-
mation. For example, characters such as the presence and
absence of limbs or a notochord will not be included in a data-
set of vertebrates that all share these derived features. As a
result, cladistic datasets are likely to under-represent characters
subjected to strong intrinsic constraints, which have already
become ‘fixed” within the clade of interest. For this and other
reasons, conventional discrete character morphospaces—
and the estimates of disparity derived from them—may not
be best suited for recognizing the changes of deepest

developmental and evolutionary significance. Morphospaces
that take account of the developmental depth of characters
have long been called for [3], and some moves have been
made towards realizing these for particular clades [48,183-186].

Several authors have distinguished between intrinsic
and extrinsic limits to disparity [7], with intrinsic factors
being those that operate within the individuals and lineages
that constitute a clade (broadly equating to geometric and
developmental constraints) and extrinsic or ecological factors
being those imposed from the outside (biological and phys-
ical restrictions) [6,26]. The precise limits on the evolution
of disparity are probably unique to each clade, and comprise
some combination of factors. Determining the relative impor-
tance of these is not straightforward, and direct tests are
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Figure 5. Differing patterns of morphospace occupation along the first two principal coordinate axes in clades showing early high-disparity. CG: disparity profile
centre of gravity. Fchar: fraction of total realized character states relative to the maximum estimated from Michaelis—Menten asymptotes. Euc: maximum Euclidean
distance between taxa in any given time bin as a fraction of the maximum across all time bins. (a) Disparid crinoids from Foote [178] (CG = 0.490, FChar = 0.803,
Euc = 0.506) showing migration through the morphospace. PCo 1 = 23.6% total variance, PCo 2 = 12.0% total variance. (b) Lichoid trilobites from Pollitt et al.
[179] (CG = 0.555, FChar = 0.749, Euc = 0.752) showing more static occupation of the morphospace. PCo 1 = 26.2% total variance, PCo 2 = 13.4% total
variance. (Online version in colour.)

Table 3. Summary statistics from Mann—Whitney U tests of differences between median homoplasy excess ratio (HER) and three character saturation metrics
(fraction of the total number of steps at which 50% of states are realized, (G of the saturation curve, and the fraction of the estimated number of states
(inferred from Michaelis—Menten curve) that are observed) when bi-partitioned by disparity profile shape. Bottom heavy versus top heavy: clades grouped
based on a (G value significantly higher or lower than mean randomized values (with other clades omitted). Early maximum disparity: clades partitioned
according to whether or not they show disparity in the first two stages that is significantly different from the maximum. Late maximum disparity: clades
partitioned according to whether or not they show disparity in the last two stages that is significantly different from the maximum.

observed maximum states/

HER 50% threshold saturation curve (G estimated maximum states
significantly bottom heavy versus W= 216 W= 288 W= 2195 W=110
significantly top heavy p = 0.588 p=0.012 p = 0520 p=10.019
} ea‘rblly‘ N di‘sbbe‘]rityw ............... s i e e s
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impossible with the present data. There are some strongly
suggestive patterns, however.

4.1. Intrinsic developmental constraints

As ontogeny becomes more complex, and genetic and other
mechanisms become progressively more interdependent,
increasing pleiotropy and functional linkage may result in
developmental programmes that are more difficult to modify
and subsequently evolve [187,188]. While some aspects of
bodyplan organization may be strongly adaptive and main-
tained by stabilizing selection, other aspects may be largely
contingent but locked down by the difficulty of effecting
change in developmental programmes. The seven cervical ver-
tebrae of mammals furnish the best-known example. Nearly all
mammals—including the long-necked giraffes, gerenuks and
alpacas—have just seven neck vertebrae. Other vertebrate
groups retain the ability to modify this number, and invariably
evolve longer necks with greater numbers of vertebrae; up to 25
in birds, 19 in sauropods [189] and 75 in the extinct plesiosaurs
[190]. Two extant groups of mammals depart from the mamma-
lian ground plan of seven; sloths have six (Choloepus) or eight or
nine (Bradypus), whereas manatees (Trichechus) have six. All
achieve this by homeotic frameshifts of the thoracic expression
pattern (the development of ribs, etc.) relative to the underlying
somites [191]. Such shifts in other mammals may be linked to
highly deleterious, pleiotropic side effects, not least problems
with the innervation, musculature and blood supply of the fore-
limbs and elevated rates of juvenile cancer [192]. Sloths and
manatees appear to avoid these effects by low rates of metab-
olism and overall activity [178,192,193]. The pentadactyl limb
of tetrapods is another example of a design that was apparently
much more labile early in its evolution. Early labrynthodont tet-
rapods had higher numbers of digits: eight in the forelimbs of
Acanthostega, seven in the hindlimbs of Ichthyostega, six in Tuler-
peton. Modern lissamphibians—despite their ground plan of
five digits—often develop greater numbers with no ill effects:
ostensibly because limb patterning in aquatic larvae occurs
prior to the phylotypic stage of development, during which
time inductive interactions and interdependencies are concen-
trated. Many amniote groups, by contrast, have reduced digit
numbers as adults (e.g. horses, non-avian dinosaurs, birds
[179]), but few lineages have attained higher numbers, often
evolving a variety of digit-like structures rather than extra
digits per se [194,195]. Ichthyosaurs furnish the best-known
exception: opthalmosaurians added digits anterior to digit
one and posterior to digit five [196], whereas non-opthalmo-
saurians may have achieved polydactyly by interdigital or
postaxial phalangeal bifurcation [197]. In most amniote
groups, however, polydactyly is associated with a range of dele-
[198-200],
development coincides with the phylotypic stage. Variation in

terious  pleiotroipic  effects because limb
this particular set of characters appears to be effectively

locked down, therefore.

4.2. Extrinsic physical and biological (ecological)
restrictions

In general, levels of clade disparity are often much less
depleted by mass extinction events than levels of diversity.
This is because numerous lineages can be lost from a morpho-
space while still maintaining a broad distribution of survivors
[201]. Indeed, even where extinction selectively removes large

subclades, disparity levels may remain high provided that the
surviving clades occupy peripheral regions of the morpho-
space [202]. Where increases in levels of disparity coincide
with marked and episodic changes in the physical or biological
environment, it may be reasonable to infer that extrinsic, eco-
logical constraints have been removed. Such shifts may occur
in the immediate wake of mass extinctions, although in such
cases, it may be difficult to distinguish the removal of biological
constraints—for example, the extinction of competing or incum-
bent clades—from the physical environmental shifts that
precipitate these biological changes. However, several of the lar-
gest and most conspicuous adaptive radiations have classically
been understood in ecological terms. Crown group mammals
evolved numerous new body forms (broadly equating to
modern orders, and with many striking parallels between
Eutheria and Metatheria in different settings) after the K/Pg
mass extinction. This occurred not only in the aftermath of
the extinction of the non-avian dinosaurs, but also coincident
with the final demise of eutriconodont, spalacotheroid and
multituberculate mammals [203]. Similarly, articulate brachio-
pods rapidly increased their disparity in the wake of the end
Permian mass extinction; a pattern consistent with rebound
after the removal of highly structured guilds and the freeing
up of ecospace [204]. Comparable post-extinction rebounds
have been observed for crinoid and blastozoan echinoderms
[27], as well as ammonoids [205] through multiple events. Simi-
larly, rapid increases in disparity may occur when a clade is first
able to colonize a fundamentally new region of ecospace. Even
bodyplans that are assembled piecemeal over many tens of
millions of years may reach a critical threshold, thereby
suddenly circumventing previous restrictions [41].

5. Conclusion

In addition to studying the phylogeny and diversity of clades
throughout their evolution [21,25,30], it is increasingly
common to examine the manner in which groups explore
theoretical or empirical morphospaces through time [43,184],
as well as their resulting temporal patterns of morphological
disparity change. Disparity and diversity are fundamentally
decoupled [29], and a variety of trajectories have been observed
empirically. The most common pattern, however, is for dis-
parity to peak relatively early in the history of a clade, and
certainly before its peak in diversity [7]. Putative limits on dis-
parity may either be intrinsic (e.g. developmental [48,193]) or
extrinsic (e.g. ecological [27,204,205]), but both imply con-
straints on available morphospace that might be reflected in
the rate of evolution of novel morphology throughout the life-
time of a clade. The majority of clades studied do indeed show
a significant decrease in the rate of appearance of novel charac-
ter states over time. However, despite a weak correlation
between overall levels of homoplasy (as measured by the
HER) and the CG of clade disparity profiles (greater homo-
plasy implies earlier high-disparity) we found no more
detailed relationships between the shapes of character satur-
ation curves and disparity profiles. Many clades continue to
evolve new character states while disparity levels remain con-
stant, which can variously be achieved by wholesale migration
through the morphospace or by subdividing it. Similarly,
disparity may be increased or maximized by predominan-
tly homoplastic state changes. The anecdotally large number
of clades showing the expansion of hitherto restricted
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morphospaces in the aftermath of mass extinctions (or upon
transitioning into fundamentally new habitats) suggests that
many of the limitations may be ecological. However, given
the variation shown in both character saturation and morpho-
space occupation, limits on disparity almost certainly result
from a complex interplay of clade-specific intrinsic and extrin-
sic factors, suggesting that a simple universal explanation for
early high-disparity is unlikely.

Authors”  contributions. J.W.O. co-wrote the paper, collected data,
implemented analyses of homoplasy and character exhaustion
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