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Complexity, defined as the number of parts and their degree of
differentiation, is a poorly explored aspect of macroevolutionary
dynamics. The maximum anatomical complexity of organisms has
undoubtedly increased through evolutionary time. However, it is unclear
whether thisincreaseis a purely diffusive process or whether it is at least
partly driven, occurring in parallel in most or many lineages and with
increasesin the minima as well as the means. Highly differentiated and
serially repeated structures, such as vertebrae, are useful systems with
which toinvestigate these patterns. We focus on the serial differentiation
of the vertebral columnin 1,136 extant mammal species, using two indices
that quantify complexity as the numerical richness and proportional
distribution of vertebrae across presacral regions and a third expressing
theratio between thoracic and lumbar vertebrae. We address three
questions. First, we ask whether the distribution of complexity values

in major mammal groups is similar or whether clades have specific
signatures associated with their ecology. Second, we ask whether changes
in complexity throughout the phylogeny are biased towards increases
and whether thereis evidence of driven trends. Third, we ask whether
evolutionary shifts in complexity depart from a uniform Brownian motion
model. Vertebral counts, but not complexity indices, differ significantly
between major groups and exhibit greater within-group variation
thanrecognized hitherto. We find strong evidence of a trend towards
increasing complexity, where higher values propagate further increasesin
descendant lineages. Several increases are inferred to have coincided with
major ecological or environmental shifts. We find support for multiple-rate
models of evolution for all complexity metrics, suggesting that increases
in complexity occurred in stepwise shifts, with evidence for widespread
episodes of recent rapid divergence. Different subclades evolve more
complex vertebral columns in different configurations and probably
under different selective pressures and constraints, with widespread
convergence on the same formulae. Further work should therefore focus
onthe ecological relevance of differences in complexity and amore
detailed understanding of historical patterns.
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Biological complexity’, taxonomic diversity>* and morphological
disparity*® are three fundamental components of macroevolutionary
dynamics. Increasingly, diversity and disparity have been examined
alongside each other, especially in analyses of extinct organisms®™°.
In contrast, biological complexity remains remarkably understudied.
Measuring complexity is amore challenging prospect than quantify-
ing either diversity or disparity" but has vast potential for illuminating
the origin of body plans'>"®, theimbalancesin species richness across
groups' and the temporal and group-specific patterns of morpho-
logical diversification™™.

It has long been recognized that biological complexity can be
indexed at various levels and that changes across levels are often
decoupled, such that one is a poor predictor of the others'®. In its
simplest formulation, complexity is defined as the number of con-
stituent parts, or types of parts, in an organism (for example, genes,
cells, tissues and organs). This definition is the most common in
empirical studies of complexity, partly because of itsimmediacy but
also because it translates into simple indices'*%. The hierarchical
organization of biological systems offers additional proxies for com-
plexity, such as the length and interconnectedness of biochemical
pathways and gene regulatory networks or the degree of integration
and modularity in the form and function of organismal parts*. One
key aspect of anatomical complexity is the proliferation of, and the
differentiation between, serial homologues*=°. The complexity of
serial structures can be quantified as the number of elements form-
ingaseries (for example, 24 presacral vertebrae), the number of ele-
ment types (for example, three types of presacral vertebrae: cervical,
thoracic and lumbar) and/or the number of elements of each type
(forexample, 7 cervicals, 12 thoracics and 5 lumbars). Furthermore,
these numbers can be synthesized as summative indices of the rela-
tive abundance and distribution of element types, analogous to the
diversity of species across communities or individuals within species
inan ecological sample?-*%, Lastly, the morphological complexity of
serial structures can be quantified, inter alia, as the total range of vari-
ationamong elements, the sum of differences between sequentially
adjacentelements and the direction and magnitude of gradients and
slopes along a series®*?5%,

Throughout the history of life, there has been an undisputable
net increase in diversity®, disparity®> and maximum complexity®.
However, as with other empirical evolutionary rules (for example,
Cope-Depéret Rule of increasing body size over time**"¥), the dynam-
ics of increases in complexity are unclear and evidence for their gen-
erality is equivocal®®. At one extreme, the ‘zero-force evolutionary
law’ (ZFEL) states that in the absence of drivers or constraints, mean
complexity tends toincrease over time?>*°. This could happenbecause
increasing numbers of serial homologues or gene copies increase
the number of degrees of freedom available as the substrate for dif-
ferentiation. Unless otherwise constrained by anatomical, functional,
genetic or developmental links, these components may passively
differentiate with time. Natural selection may facilitate or prevent
this divergence but will operate either in addition or in opposition
to the ZFEL* %49 Increases in mean and maximum complexity
can result from the balance between three, mutually non-exclusive
processes often operating simultaneously and potentially in opposite
directions across subclades®***, (1) Passive processes (‘diffusive’
evolution) imply that evolving lineages undergo random walks but
the extent of decreases is limited by the existence of lower bounds,
such as biomechanical or physiological constraints. (2) Clade sort-
ing involves the preferential radiation of clades with higher intrinsic
complexity and the extinction of those with less. (3) Driven processes
point toward more frequent increases than decreases, such that mini-
mum, mean and maximum values move progressively farther away
from theinitial lower bound"'*?>»*** Driven trends have a particular
conceptual importance because individual lineages can be viewed as
independent statistical replicates of the evolutionary process, such

that parallel increases in multiple lineages can be taken as evidence
for an underlying evolutionary tendency*>****, So far, support for
adriven trend in increasing complexity through time has only been
found in an overarching study of crustacean tagmosis®, where com-
plexity wasindexed as afunction of the number of paired appendages
indifferent morphofunctional categories. However, no analyses with
acomparable taxonomic reach exist for other groups.

Here, we use asimilar methodological and conceptual approach to
examine complexity inanother exemplary model system, the vertebral
columnof mammals®®°, although other serial structures (for example,
body segments, paired appendages and teeth) would be suitable in
other groups (for example, annelids, arthropods and vertebrates)** .
The plasticity of the mammalian column results from developmen-
tal**, ecological”***, functional’»*" and evolutionary*$4°35+58 fac-
tors, which also explain differencesin vertebral numbers. For example,
thoracic and lumbar counts are relatively conserved in some groups
(forexample, Marsupialia, ‘Artiodactyla’and Felidae) but varyin others
(for example, Afrotheria, Cetacea, Chiroptera, Primates and Xenar-
thra)*#925360-65 Recent studies have examined axial regionalization
near the origin of crown mammals and in several extant clades?®*>>* 3¢,
Furthermore, inferred ancestral conditions for vertebral counts have
been mapped onto phylogenies to reconstruct major shifts in homoe-
OtiC domainS48'49'52'53'5("(’7.

In this article, we test for trends in the evolution of presacral
complexity and investigate whether any such trends arose by passive
or driven processes. We address three integrated hypotheses: H,1,
vertebral counts do not differ significantly between major mammal
groups; Hy,2, changes in complexity are non-directional; and Hy3, rates
of change do not exhibit departures (shifts) fromaninitial ‘background’
rate (namely, the evolutionary rate inherited by all branches of a phy-
logeny under a Brownian motion model of trait evolution). To address
these hypotheses, we calculate several indices of complexity from
the presacral formulae of a large and diverse sample of extant spe-
cies and estimate index values at the internal nodes of a time-scaled
phylogeny®®. We use these estimates to quantify the magnitude and
directionality of changes along ancestor-descendant lineages and to
analyse temporal and group-specific patterns of axial ‘complexifica-
tion?>**+¢ ' We measure the relative incidence of passive versus driven
processes on trends by examining how the total skewness of each
index is partitioned across groups®. Lastly, we model the evolution
of complexity under a relaxed-clock Brownian motion®*’® process to
detect branch-specific shifts in rates of change.

Complexity indices and reference phylogeny

Two complexity indices derived from information theory and adapted
from metrics used in ecology and archaeology® are applied to the pre-
sacral and thoracolumbar sections of the vertebral column (Fig. 1) of
1,136 extant species (Supplementary Data1and 2). As the number of
cervical vertebraeis nearly constantin mammals, we discuss primarily
the thoracolumbar section, unless specified otherwise. The Brillouin
index of numerical diversity (Hy) and the evenness index of proportional
distribution (H"z)* 77 quantify complexity in terms of the relative
numerical richness of vertebraein each columnregion and the degree
towhichtheyare apportioned uniformly across regions, respectively.
Furthermore, we use presacral (CTL), thoracolumbar (TL), thoracic (T)
and lumbar (L) counts, as well as thoracic to lumbar (T:L) ratios (both
unstandardized and logit-transformed), as additional indices that
describe region-specific elongation and the relative sizes of the thoracic
and lumbar homoeotic domains*®**’¢, We use a taxonomically pruned
version of arecent phylogeny® (Fig. 2 and Supplementary Data 3), with
species assigned totengroups: Afrotheria, Cetartiodactyla, Chiroptera,
Eulipotyphla, Glires, Monotremata + Marsupialia, Perissodactyla, Ferae,
Euarchonta and Xenarthra. Except for Monotremata + Marsupialia (a
paraphyletic group toaccommodate the small number of monotremes
in our taxon sample), all other groups are clades.

Nature Ecology & Evolution | Volume 7 | March 2023 | 367-381

368


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-023-01982-5

Aplodontia rufa
Hg = 0.9079
H’g =0.9422

T:L=2.167

Thoracic

Cervical

Cyclopes didactylus

Fig.1| Examples of mammalian vertebral columns and calculations of three
complexity indices. The vertebral columns of amountain beaver (Aplodontia
rufa; specimen FMNH 57831; Field Museum of Natural History, Chicago, USA) and
asilky (or pygmy) anteater (Cyclopes didactylus; specimen UMZC E621; University
Museum of Zoology, Cambridge, UK) are shown with colour-coded presacral
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regions. For each column, we report the presacral Brillouin and evenness indices
and the T:L ratio. Both columns courtesy of Elizabeth Griffiths (University of
Oxford, UK; three-dimensional rendering from computerized tomography
scans) and Roger Benson (University of Oxford, UK); final figure assembly
courtesy of Olivia Wills.

Results

Vertebral counts differ significantly between groups

Foreach of the CTL, TL, Tand L counts, Poisson regression analyses”’
find significant differences in vertebral numbers between groups.
Goodness-of-fit tests (analyses of deviance) indicate that all regres-
sion models depart significantly from a null model (H, = predicted
group-specific countsidentical to observed counts) (Supplementary
Table1). Out of 45 pair-wise group comparisons, post hoc Tukey tests
retrieve 18 significant differences between group-specific counts with
TL,12with CTL,16 with Tand 15 with L (Supplementary Table1). Cetar-
tiodactyla, Perissodactyla, Afrotheria, Chiroptera, Glires and Xenar-
thra are the most frequently occurring clades in the total number of
significant pair-wise comparisons across all counts. All 12 significant
comparisonswith CTLare alsoretrieved with TL,10 are shared between
TLandT, 7 between TL and L and 2 between T and L. Afrotheria and
Perissodactyla are the most widely represented clades in significant
pair-wise comparisons of T counts, while Xenarthraand Cetartiodactyla
feature prominently in comparisons of L counts. Finally, the only two
significant comparisonsincommonto T and Linvolve Cetartiodactyla
and each of Perissodactyla and Afrotheria (Supplementary Table1and
Supplementary Information).

Complexity is distributed unevenly across groups

For the CTL and TL Brillouin and evenness and the untransformed
andlogit T:L, the total range of values is apportioned unevenly across
groups, withvarying degrees of overlap between group-specificindex
values and with differences in the number and location of distribution
modes (Fig. 3 and Supplementary Data 1). Spearman’s rank-order
correlation tests show that the group-specific index ranges do not
correlate significantly with group size (Supplementary Data 1) and
phylogenetic analyses of variance’ return no significant differences
inmeanindex values between groups (Supplementary Table 2). Mono-
tremata + Marsupialia, Afrotheria and Xenarthraencompass the larg-
est proportions of the total range of values for CTL Brillouin, CTL and
TL evenness and T:L. Monotremata + Marsupialia and Afrotheria,
along with Cetartiodactyla, also span much of the total range for TL
Brillouin, while Monotremata + Marsupialia, Cetartiodactyla and
Glires occupy a large proportion of the total range for logit T:L. In
contrast, Ferae and Perissodactylainclude the smallest proportions
of the total range for most indices (Supplementary Data 1). In most

groups, theindices are either bimodally or multimodally distributed
(Hartigans’ dip tests; H,, unimodal distributions)”, suggesting dis-
tinct evolutionary trajectories (for example, trends towards separate
optima) butin three early diverging groups—Monotremata + Mar-
supialia, Afrotheria and Xenarthra—they are unimodal (Fig. 3 and
Supplementary Datal).

Changes in complexity are concentrated in younger branches
We visualize changes in complexity indices across the phylogeny
using continuous trait mapping® (Fig. 4 and Extended Data Fig.1),
with colour-coded maximum likelihood estimates at internal nodes
and interpolated values along branches. We focus on TL (Fig. 4a), TL
Brillouinand evenness (Fig. 4b,c) and untransformed T:L (Fig. 4d). The
distributions of CTL Brillouin and evenness (Extended Data Fig. 1a,b)
and logit T:L (Extended Data Fig. 1c), resemble their counterparts in
Fig. 4 and are not discussed.

In agreement with previous findings*, a TL count of 19 is esti-
mated at the deepest nodes of the phylogeny (for example, sepa-
ration between Marsupialia and Placentalia; emergence of major
placental cohorts) and near the roots of most extant orders. Small
deviations from this plesiomorphic value characterize Chiroptera
with an estimated ancestral count of 18 (19 in ref. *°), Carnivorawith
20 (see also ref. *°) and Perissodactyla and Afrotheria with 22 each
(22-24 in Perissodactyla and 21-30 in Afrotheria in ref. *°). Within
Afrotheria, 22is also the most likely ancestral estimate for the ecolog-
ically diverse Paenungulata (Sirenia, Proboscidea and Hyracoidea)
(23 inref. *). ATL count of 19 is also probably plesiomorphic for
primates, despite conspicuous differences in vertebral counts in
this group**®. At less deep nodes, TL estimates are somewhat vari-
able. Thisis afunction of remarkable differences in vertebral counts
in small groups of closely related species and in large subclades
within some orders (for example, Chiroptera and Cetacea; Fig. 4a
and Supplementary Datal).

Alongthe deepest branches, changes in complexity near the roots
of sister clades reveal consistent patterns for all information theory
indices. The branches subtending Monotremata and Theria (Marsu-
pialia + Placentalia) feature a decrease and an increase, respectively.
Increases occur along the branches leading to Marsupialia and Pla-
centalia. Within Placentalia, Atlantogenata (Xenarthra + Afrotheria)
showadecrease, while their more speciose sister clade, Boreoeutheria,
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Fig. 2| Time-calibrated phylogeny of1,136 extant mammal species used in
this study. Major groups are indicated by different colours and symbolized by
black silhouettes of representative taxa (not to scale). Icon credits: except for the
capybara (A.B.), the silhouettes are sourced from PhyloPic.org. Individual creator
credits: hedgehog, Inessa Voet; black rat, Ferran Sayol; northern three-toed
gerboa and raccoon, Margot Michaud; hispid cotton rat, Natasha Vitek; Siberian
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chipmunk, Nina Skinner under CC BY 3.0; yellow baboon, Owen Jones; mountain
gazelle, Rebecca Groom under CC BY 3.0; African elephant and red kangaroo,
Sarah Werning under CC BY 3.0; red deer, beluga whale, European rabbit, black
rhinoceros, tiger, Philippine pangolin, nine-banded armadillo and duck-billed
platypus, Steven Traver; Sunda colugo and Townsend’s big-eared bat, Yan Wong.

features an increase. Increases also occur near the roots of the two
major boreoeutherian clades—Laurasiatheria and Euarchontoglires—
as well as along the basal branches of Euarchonta and Glires. Within
Laurasiatheria, Eulipotyphlashow adecrease, while other laurasiathe-
rians (Scrotifera) experience an increase. At the next deepest node,
Chiroptera show a decrease whereas remaining Scrotifera (Ferae +
Perissodactyla + Cetartiodactyla) exhibit an increase (for an account
of group-specific patterns, see Supplementary Information).

TL counts correlate negatively with T:L ratios

A phylogenetically independent contrasts®* analysis yields a signifi-
cant negative correlation between TL counts and T:L ratios across all
sampled species (Supplementary Table 3). As with other indices, the
ratios reveal a markedly heteroskedastic distribution (Supplemen-
tary Fig.1), with alittle over 2% of variance in the data explained by the
regression model. Alocally estimated scatterplot smoothing (LOESS)
curvefitted tothe T:L versus TL scatterplot (Fig. 5a) shows a steep nega-
tive slope for TL up to 19, a negligible rise to 20 and a gentle negative
slope throughout higher TL counts (>20). The dispersion of T:L val-
ues increases rapidly at TL >16 but reduces drastically at TL 229, with
the long tail at the right-hand side of the distribution reflecting the
large number of lumbar vertebrae in many Cetacea’” (Fig. 5b,c and

Supplementary Data 1; for the correlation between T:L and each of T
and L, see Supplementary Information).

TL counts correlate positively with complexity

TL counts are positively correlated with each of the TL Brillouin and
evennessindices, although significantly so only for TL Brillouin (Sup-
plementary Figs. 2 and 3 and Supplementary Table 3; see Supple-
mentary Information and Supplementary Figs. 4 and 5 for patterns
associated with CTL). This suggests that mammals with increasingly
more elongate postcervical regions show a tendency for thoracic and
lumbar elements to be distributed equitably. This patternis rendered
moreelaborate by variationsin T and L, whereby mammals with lower
T and/or higher L also reveal greater relative numerical richness
(Supplementary Information).

Thoracolumbar complexity and domains

Phylogenetic generalized least square regressions® support a strong,
negative and highly significant correlation between T:L ratios and each
of the TL evenness and Brillouinindices (Supplementary Figs. 6 and 7
and Supplementary Table 3). The seemingly linear decrease in TL
Brillouin and evenness values withincreasing T:L ratios is not consist-
ent among groups and reversals (especially for TL Brillouin) occur in
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Fig. 3| Violin plots. Distributions of six complexity indices colour-coded by
group. Data are presented as probability density distributions (violin outlines),
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bars). The groups are symbolized by black silhouettes, as in Fig. 2. a,b, Presacral
Brillouin (a) and evenness (b) indices. ¢,d, Thoracolumbar Brillouin (c) and
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evenness (d) indices. e,f, Logit-transformed (e) and unstandardized (f) T:L
ratio. Afr, Afrotheria; Cet, Cetartiodactyla; Chi, Chiroptera; Eul, Eulipotyphla;
Gli, Glires; MoMa, Monotremata + Marsupialia; Per, Perissodactyla; Fer, Ferae;
Eua, Euarchonta; Xen, Xenarthra. Image credits for mammal silhouettes are as
inFig. 2.

Afrotheria, Cetartiodactyla, Euarchonta and Glires (Supplementary
Figs.6and 7).

Changes in complexity are both directional and sustained

To establish whether changes in complexity conform to trends and
whether any such trends are predominantly passive or driven, weimple-
ment descendant-ancestor tests®* % and subclade tests****°°, For
the descendant-ancestor tests, we first examine temporal patterns of
complexity change by regressing maximum likelihood estimates of the
complexity indices at the internal nodes of the phylogeny (ancestral
node values) against node ages. Subsequently, we test whether high
initial levels of complexity bias downstream changes towards increases
in daughter lineages by regressing the differences between succes-
sive node estimates (descendant value minus ancestor value for each
branch) against ancestral node values. We model all correlations using
robust linear regression, whichis relatively insensitive to outliers and
heteroskedasticity”.

Heteroskedasticity-robust Wald F-tests’> show that the slopes
and intercepts of most regression models differ significantly from
zero (Supplementary Table 4). The ancestral values of the CTLand TL
Brillouin and evenness indices correlate positively (but not strongly)
with node ages, both across phylogeny (Fig. 6a,c, Extended Data
Fig. 2a,c and Supplementary Table 4) and in most individual groups
(Supplementary Figs. 8-11and Supplementary Table 4). The only clades

exhibiting a temporal trend of decreasing complexity are Afrotheria
(CTLBrillouin; CTLand TL evenness), Xenarthra (TL Brillouin) and Per-
issodactyla (CTLand TL Brillouin and evenness) butinnone of them s
theregression slope significant for any index (Supplementary Table 4).
Forthe unstandardized and logit T:L, node estimates and node ages are
mostly negatively correlated (exceptin Perissodactyla for unstandard-
ized and logit T:L and Afrotheria for logit T:L), indicating a tendency
forratios to decrease towards the present (thatis, thoracicand lumbar
vertebrae tend to be apportioned uniformly) (Fig. 6e,g, Supplementary
Figs.12and 13 and Supplementary Table 4). This patternis mainly asso-
ciated withincreasingly larger numbers of lumbar elements, primarily
within Cetaceaand in several Afrotheria and primates.

For all indices, the correlations between ancestral values and
descendant-ancestor differences, both across the entire taxon set and
in most major groups, are positive, although never strong. Except in
Eulipotyphla (for all indices), Afrotheria and Xenarthra (for logit T:L)
and Afrotheria (for TL Brillouin), the slopes of the regression models
are mostly significant (Fig. 6b,d,f,h, Extended Data Fig. 2b,d, Sup-
plementary Figs.14-19 and Supplementary Table 4), suggesting that,
as complexity values at nodes become larger, so do the differences
between adjacent nodes’*. More broadly, for all information theory
indices, increases significantly outnumber decreases (two-tailed sign
tests) across phylogeny. Furthermore, the mean magnitude of com-
bined increases and decreases is positive and significantly different
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Fig. 4 | Continuous mapping of complexity indices across the phylogeny.
The values of four complexity indices are mapped onto the phylogeny using
colour gradients. Index values at the internal nodes are estimated through
maximum likelihood and those along the branches are interpolated between
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the nodal estimates. For each index, the colour scales range from its minimum
toits maximum value. The lengths of the scale bars are in millions of years. a,
Thoracolumbar count. b,c, Thoracolumbar Brillouin (b) and evenness (c) indices.
d, Unstandardized T:L ratio. Image credits for mammal silhouettes are as in Fig. 2.

from zero (two-tailed, one-sample Wilcoxon tests), with the mean mag-
nitude of increases greatly exceeding the mean absolute magnitude of
decreases (two-tailed, unpaired two-sample Wilcoxon tests) (Supple-
mentary Table 4). For the unstandardized T:L, decreases outnumber
increases, indicating a tendency for thoracic and lumbar elements to
attainsimilar proportions.

In addition to the tests above, we quantify subclade skewness as
apartial test of a driven trend®. The skewness of a continuous trait (in
particular, aright-skewed trait) within a parent clade suggests a hard
boundinthe opposite direction to the skew, with diffusion away from
this bound. Where subclades within the parent clade are also skewed
inasimilar direction, this suggests areplicated and driven trend (note:
the mean values of the subclades may be distributed symmetrically
around the parent clade’s mean or may occur further in the direction

of the overall skew*). Formally, large contributions of within-group
skewness (SCW) indicate that trends are predominantly shaped by
driven processes, while large contributions of between-group (SCB)
and heteroskedasticity-related (SCH) skewness suggest the prevalence
of passive processes®. Inthe case of the unstandardized T:L, asubclade
test shows that slightly over 32% of its total skewness is accounted for
by SCW, a little over 50% by SCH and the rest by SCB (Supplementary
Table 5). For other indices, the proportion of SCW varies (32% for TL
Brillouin, 29.9% for TL evenness, 26.5% for CTL Brillouin and 24.6% for
CTLevenness) and accounts for the second largest proportion of total
skewness after SCH (Supplementary Figs. 20-24 and Supplementary
Table5). Atthe broad taxonomicscale used here, these results indicate
that passive processes are primarily responsible for trends in axial
complexity but that driven components of change are also apparent.
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Fig. 5| Patterns of thoracolumbar differentiation across major groups.
a-c, Bivariate scatterplots of T:L ratios versus thoracolumbar (a), thoracic (b)
and lumbar (c) counts, with LOESS regression curves superimposed over each
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plot. Mammal groups are identified by distinct colours and symbols. A variant of
the plotinaisalso reported in Supplementary Fig. 1, where the distribution of T:L
ratios is represented by abox and whisker plot.

Thelimited contribution of SCW may be attributed to various factors®.
Forinstance, the variance of a trait may differ across subgroups or cor-
relate negatively with their size.In addition, a trait may appear skewed
inopposite directionsin different subgroups and its distribution in one
ormore of these may fall outside the right-hand tail of the parent clade’s
distribution. Lastly, large subgroups may obliterate smaller-scale
patterns in the distribution of total skewness®. In the Supplementary
Information, we comment briefly on the influence of group sizeonthe
distribution of skewness using the TL Brillouin and evenness indices
asexamples (Extended Data Fig. 3).

Rate shifts reveal divergent patterns between clades

We find support foramultiple-rate model of complexity change. All com-
plexity indices are characterized by widespread rate shifts with broadly
congruentbranchlocations, directions, magnitudes and posterior prob-
abilities. We discuss rate distribution mostly in relation to TL Brillouin
(Extended Data Fig. 4a) and evenness (Extended Data Fig. 4b) (for pat-
ternsassociated with other indices, see Extended DataFig. 5). Shifts are
absent or negligible in most deep branches, indicating few departures
from background rates. In contrast, many of the more apical branches
reveal shifts with large posterior probabilities, mostly representing rate
decreases. Although increases are similarly widespread, they feature
mainly at, or near, the tips of the phylogeny and are linked to divergent
vertebral formulae occurring in single species and/or small subclades
withinthe more speciose groups. Most of the branches subtending major
mammal cohorts and orders are not underpinned by rate shifts, except
for Atlantogenata (Afrotheria + Xenarthra) and Scandentia (tree shrews)
which feature, respectively, anincrease (for bothindices) and adecrease
(for TL evenness) with large posterior probabilities. For both indices,
two conspicuous decreases occur in Marsupialia, one near the base of a
diverse clade of small to mid-sized omnivores and carnivores (Tasmanian
wolf, quolls, numbats, bilbies and bandicoots), the other near the base of
macropods (bettongs, kangaroos, potoroos and wallabies). Additional
decreases, usually with large posterior probabilities and typically located
near the terminal branches, featureinall other groups. Notable examples
of'such decreases (involving TL Brillouin and/or evenness) characterize
Chiroptera (mouse-eared bats; TL evenness), Ferae (weasels, ferrets,
mink and their allies, felids, canids and pinnipeds), Cetacea (various
mesoplodont beaked whales; TL evenness), ‘Artiodactyla’ (Old World
deer and several bovid clades, such as Capriniand Antelopini), primates
(bamboo, ruffed and true lemurs, leaf-eating monkeys and macaques),
Lagomorpha (rabbits and hares) and Rodentia (early diverging groups,
such asseveralflying, ground and tree squirrels within sciurids and many
cladesinmore deeply nested rodent suborders) (Extended DataFig. 4).

Inthe case of CTL evenness (Extended Data Fig. 5b), as well as the
unstandardized and logit T:L (Extended Data Fig. 5c,d), complex pat-
terns of rate shifts occurin Carnivora, Cetartiodactylaand Chiroptera.
For those three indices, Carnivora show internested increases and
decreases with low to moderate posterior probabilities along the basal
branches separating the major clades of Caniformiaand (for T:L only)
Feliformia. Internested increases and decreases in T:L with moder-
ate to high posterior probabilities also occur in Chiroptera (evening
bats). Uniquely among all tested indices, T:L shows small internested
increases within Perissodactyla® (one at the base of the entire clade, the
otheratthe base of Rhinocerotidae) (Extended DataFig. 5¢c).In Cetacea,
interspersed increases and decreases characterize CTL Brillouin and
evenness (Extended Data Fig. 5a,b), whereas widespread increases
are associated with the unstandardized and logit T:L (Extended Data
Fig. 5c,d). Increases with large posterior probabilities feature pre-
dominantly among baleen whales (Mysticeti) and dolphins, whereas
decreases occur near the roots of toothed whales (Odontoceti).

Discussion

Thesstrikingly divergent thoracolumbar patterns of five clades—Ceta-
cea, Afrotheria, Xenarthra, Carnivoraand Chiroptera®'**—have broad
evolutionary and ecological relevance to our understanding of axial
regionalization and are therefore discussed in some detail. With the
largest variancein L counts of all groups and the third largest variance
in T counts after those of Xenarthra and Afrotheria (Supplementary
Datal), Cetacea rank among the mammals with the most complex
thoracolumbar regions (TL Brillouin, 0.5775-0.6298; TL evenness,
0.8911-0.997). In Cetacea, postcervical elongation varies across line-
ages and according to habitats and ecologies’”*>**, Among toothed
whales (Odontoceti), beaked whales commonly have 9 or 10 (rarely, 11)
thoracic vertebrae, whereasin other odontocete families, aswell asin
baleenwhales (Mysticeti), T counts =12 are common. Appreciably more
striking are the variationsin L counts. For example, the stout-bodied
South American river dolphin and the pygmy right whale have three
lumbar vertebrae, while the slender and elongate right whale dolphins
have >30. Freshwater cetaceans generally exhibit lower TL counts and
their vertebral centra tend to be elongate and spool-like. In marine
species, two divergent patterns emerge®. Higher TL counts, coupled
with abbreviated and disc-like centra, are frequently observed in small
taxa adapted to fast swimming and active hunting (for example, oce-
anic dolphins and porpoises). Biomechanically, such features both
affordrigidity and stability in the trunk and enable a powerful tail beat,
allowing these animals to chase swift and agile prey. In contrast, lower
TL counts usually occur in mid-sized to gigantic taxa (for example,
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ancestor differences. Node ages are in millions of years, with time decreasing
inthe positive direction of the axis (that is, closer to the present). Mammal
groups are identified by distinct colours and symbols. Black circles denote the
deepest nodes of the phylogeny, corresponding to the separation between major
mammal cohorts. a,b, Thoracolumbar Brillouinindex. ¢,d, Thoracolumbar
evennessindex. e,f, Unstandardized T:L ratio. g,h, Logit T:L ratio.

baleen whales, killer whales, sperm whales, narwhals, belugas and
beaked whales), in which variably elongate to isodimensional centra
provide flexibility and manoeuvrability. Such characteristics assist
these species with their vast repertoire of feeding habits, including
foraging onthe seabed or in discontinuous, high-density food patches
in the water column®. During cetacean evolution, the vertebral col-
umn was released from the functional requirements associated with
stance, gaitand weight-bearing, all of which limit the range of vertebral
numerical variation in terrestrial species***>*' and became less func-
tionally plastic and more morphologically homogeneous®”. Alongside
asimplificationin the shape of theindividual vertebrae, anincreasein
vertebral number was akey step during the transition to a fully aquatic
lifestyle®>. This transition was marked by the progressive reduction and
subsequent loss of the hind limbs and a functional shift from paddling
tomanoeuvringin the fore limbs. At the same time, thoracic and lum-
bar elongation conferred greater stability to the trunk. Selection for
improved stability and acquisition of a streamlined body profile may
explain why numerous cetaceans exhibit similar numbers of thoracic
and lumbar elements. Thus, in 48 out of 82 species in our sample, T:L
varies from ~0.8 to 1.25, with absolute differences between T and L
countsranging from 0 to 2.

Unlike Cetacea, Afrotheria and Xenarthra attain trunk elonga-
tion mostly through additions of thoracic vertebrae. Afrotheria
also showcase major differences in L counts, with the second larg-
est variance after Cetartiodactyla. The plasticity of the vertebral
column in Afrotheria reflects multiple biomechanical and ecologi-
cal adaptations******, exemplified by graviportal elephants, swim-
ming manatees, burrowing aardvarks and various small to mid-sized

insectivorous taxa of semi-aquatic to terrestrial habits, such as ten-
recs, golden moles, otter shrews and elephant shrews. Manatees and
golden moles are remarkably convergent in possessing moderately
elongate thoracic regions (15,17 or 19 vertebrae) and extremely
abbreviated lumbar regions (2-4 vertebrae). Whereas in manatees
these characteristics enhance column stability during swimming®, in
various golden moles they act as shock-absorbing devices, rendering
the body compact while these animals probe through sand with their
fore limbs and muzzle®®. Hyraxes rank among the Afrotheria with the
largest T (20-23) and L (7 and 8) counts. Their plump appearance
and short limbs contrast with their elongate, strongly arched and
flexible columns, allowing them to move rapidly on rock surfaces
and trees”. Like manatees, elephant shrews also display relatively
low TL counts (20 and 21). Similar to other mammals adapted to
running or leaping®>°’, elephant shrews show restricted variation
in their presacral formulae and, alongside aardvarks, feature the
most complex presacral columns of all Afrotheria (CTL Brillouin,
0.9359-0.8985; CTL evenness, 0.9641-0.9277).

Similarly varied in terms of column construction are Xenarthra,
characterized by their unusual vertebral articulations and awide range
of specializations®®, including osteoderms and burrowing lifestylesin
armadillos (9-12 thoracics and 3-5lumbars), fossoriality and arboreal-
ity inanteaters (15-17 thoracics and 2 or 3 lumbars) and suspensoriality
insloths (15-24 thoracics and 3 or 4 lumbars). The southern long-nosed
armadillo shows the highest vertebral complexity in the group despite
itslow presacral count (C7, T9, LS; Hy = 0.9174; H "y = 0.9727), whereas
the Hoffmann’s two-toed sloth features the lowest despite its higher
presacral count (formula: C6, T23, L3; Hy=0.6743; H ;= 0.6862).
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Hence, thereis some suggestion that within Xenarthra higher vertebral
complexity is driven in part by greater trunk stability associated with
the evolution of adefensive armour and curling behaviours in armadil-
los, while lower complexity is partly the result of an expansion of the
thoracic region and a concurrent reduction in the number of lumbar
elementsin arboreal species (various sloths)***',

Two placental clades—the Carnivora and Chiroptera—stand out
because of their markedly discontinuous vertebral count distribu-
tions. In Carnivora, the posterior thoracic and lumbar vertebrae
are generally characterized by greater individual disparity across
species and lower serial differentiation than the anterior thoracic
and cervical vertebrae®. Such attributes are thought to facilitate
the striking functional versatility of the posterior trunk region in
this clade, as well as among mammals more broadly*. Consistent
with this hypothesis is the fact that, despite a substantial degree
of conservatism in TL counts®®, several Carnivora showcase highly
divergent presacral formulae (for example, grisons, hyaenas, otters,
seals and weasels*®***>%%), The probability density distributions of
their complexity indices (Fig. 3 and Supplementary Data1) are strik-
ingly multimodal. Both TL Brillouin and TL evenness show no fewer
than four modes, eachreflecting convergent patterns of axial region-
alization in separate lineages. For both indices, felids, canids and
herpestids (mongooses and their kin) cluster around an optimum
at the right-hand side of the probability distributions. The first two
groups consist of small- to large-sized, long-limbed digitigrade hunt-
ersbuilt for strength and speed. In contrast, herpestidsinclude small
carnivore generalists with elongate bodies and tails and short limbs.
Narrowly separated from this optimum s a second peakin the prob-
ability distribution, including large ambush predators, such as ursids,
and the small, long-bodied and short-tailed mustelids (weasels and
their kin), a diverse clade of terrestrial, arboreal, aquatic and fosso-
rial taxa. Largely separate from the first two distribution modes is
a third optimum almost exclusively dominated by pinnipeds, the
thoracolumbar formulae of which differ from those of most other
carnivores (T15, LS in most species)'°’. Finally, an inconspicuous
mode at the left-hand side of the distribution includes several ursids,
mustelids and some hyaenids.

Asin Carnivora, the distribution of complexity modes in Chirop-
terais decoupled from phylogenetic clustering. Both TL Brillouin and
(toalesser degree) TL evenness are bimodal (Fig. 3 and Supplemen-
tary Data 1), with species from phylogenetically separate families
clustered around each mode. Unlike axial complexity, patterns of ver-
tebral fusionin Chiroptera are mostly phylogenetically structured.
This paradox may be explained by considering the construction of
the vertebral columninlight of recent embryological data. Vertebral
fusion is ubiquitous in bats, confers stability and rigidity to the col-
umn and is a key adaptation for sustained flight®**, As in other dor-
sostable groups (for example, suspensory and slow-climbing taxa),
variations in TL counts are poorly constrained in bats**", Uniquely
among mammals, bats feature a delayed onset of column ossification,
with substantial morphogenetic patterning taking place in prenatal
developmental stages'®% This patterning is responsible for the spe-
cialized traits observed in the adults of several species, including
varying degrees of vertebral fusion, restructuring of vertebral bony
processes and remodelling of cervical elements in response to roost-
ing habits®*®. A recent hypothesis for the origin of flight in bats'®?
posits that the ancestral morphotype of Chiropterawas anocturnal,
insectivorous and arboreal placental with well-developed interdigital
webbing. Subsequent stages in the evolution of bats included inter-
digital webbing expansion, the transition from arboreal to roosting
habits viaanintermediate suspensory phase'®* and shiftsin prenatal
sequence heterochrony. Such shifts may have relaxed constraints on
thoracolumbar counts and altered the boundaries between the tho-
racicand lumbar domains, resulting in the remarkable proliferation
of vertebral formulae in extant bats®.

Methods

Data collection

Vertebral formulae (Supplementary Data 1) were obtained from pub-
lished compendia*®*%°253606165 (Supplementary Data 2) and supple-
mented by data in their accompanying bibliography and citations,
Boolean searches in Google Scholar (combining ‘and/or’ operators
with keywords such as ‘mammal(s)’, ‘vertebra(e)’, ‘formula(e)’, ‘tho-
racic’, ‘lumbar’ and the names of individual mammal orders), as well
as synopses from Mammalian Species (https://academic.oup.com/
mspecies). Species were sampled from as many families as possible
within each order to provide adequate coverage of presacral variation.
Where intraspecific variation was documented, we selected the most
widely represented count (usually, >50% of all specimens listed in a
publication; but see ref.*?). We excluded the sacral and caudal regions
because their vertebral counts were often difficult to obtain*®*°, All
analyses, tests and graphs were produced in R v.4.2.0. R codes are
provided in Supplementary Data4.

Phylogeny construction

We used a recently assembled time-calibrated phylogeny of mam-
mals®®built from a Bayesian analysis of a 31-gene supermatrix coupled
with fossil-based backbone relationships and divergence time esti-
mates. We exported 1,000 randomly selected trees from the posterior
distribution available at vertlife.org and stored them as a ‘multiphylo’
objectin R. Subsequently, we chose the single tree from the random
sample closest to the centroid of tree space and available in Supple-
mentary Data 3. To this end, we first extracted pair-wise tree-to-tree
distances in phangorn'® (KF.dist function), using the branch score
distance (BSD)'*° as the preferred distance metric. BSD is calculated as
the square root of the sum of squared differences between the branch
lengths of a given tree pair. It is preferred over the more widely used
Robinson-Fould (RF) distance!” because the latter often results in
narrow value distributions, heavy index saturation and limited power
to differentiate alternative tree topologies. For instance, transposi-
tions of even a single taxon pair can yield maximal changes in RF'*%,
The matrix of pair-wise BSD distances was used to calculate total
summed distances between each tree and all other treesintherandom
sample (colSums function; base R). The tree with the smallest sum of
column-wise distances from all the others was chosen for all subse-
quentanalyses and pruned to include the speciesin our sample (drop.
tip functionin ape'®). Before performing phylogenetic comparative
analyses, we re-ordered all data tabulations to ensure that the order
of taxon labels matched that of the tree (match.phylo.data function
in picante®). The circular tree (Fig. 2) with branches coloured by
group was obtained with the groupClade (colour coding) and ggtree

(aesthetic mapping) functions in ggtree™.

Complexity indices

Countsand ratios were derived from the tabulated vertebral formulae
(Supplementary Datal) using base R. The logit T:L ratios were obtained
withthelogit functionincar The logit values are adesirable alterna-
tive to log-transformations in that they both stabilize the variance of
theratio distribution and extend its left and right extremes, such that
ratios that differ only slightly are more widely spread at the tail ends of
thelogit distribution. The information theory indices were calculated
with the heterogeneity and evenness functionsin tabula™. The formula
for the Brillouinindex (Hy) is:

where Nis the total number of vertebrae, n; is the number of ver-
tebrae in the ith region and k is the number of regions. The base of
the log operator can take any value. The formula for the evenness
index (H'y) is:
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H = NXHR
R ™ logh — (k — d) x logc! — d x log (c + 1)!

where Hyis the Brillouinindex and cand d are the integer and modulus
of Nand k, respectively. The Brillouin index is appropriate for count
data derived from a known collection rather thana random sample”,
accommodates variation associated with the least numerically diverse
vertebral types’ and offers an intuitive characterization of complex-
ity, in that higher values indicate greater dissimilarity across column
regions while accounting for the numerical richness of vertebral types
in each. Similarly, the evenness index explains how uniformly spread
the vertebrae are across regions. While related, the Brillouinand even-
nessindices describe numerical variationin subtly different ways and
need not correlate. As an example, consider the following numerical
sets, each consisting of two integers that add up to the same total
count:a=1{10,1},b=1{9,2},c=1{8,3},d={7,4} and e= {6, 5}. The Brillouin
indexincreasesfromatoe(0.2179,0.3643,0.4641,0.5271and 0.5577),
indicating increases in the relative numerical abundance of elements
acrossthe five sets. The evennessindexalsoincreasesinthe same order
(0.3908,0.6531,0.8321, 0.9451and 1), reaching its maximumvalueine,
where the two integers contribute most equitably to their sum (note:
swapping the positions of the integers does not alter the values of
eitherindex). Inthisexample, the two indices are positively correlated.
However, the correlation becomes less predictable when the sum of
integers varies across sets. For instance, in the two setsj = {14, 9} and
k=1{8, 6}, the corresponding sums are 23 and 14, the Brillouin indices
are0.5918 and 0.5719 and the evenness indices are 0.9643 and 0.9835.
Aninverse correlationbetween the total count and the Brillouinindex
is possible. For instance, w = {7, 3} (sum =10) has a higher Brillouin
index (0.4787) than z= {9, 3} (sum =12; index = 0.4494). Following on
fromthese examples and to assist thereaderininterpreting the polar-
ity of changes, it is appropriate to view increases in the two indices as
complementary but distinct facets of column ‘complexification’. We
produced graphic summaries of theindex distributions across groups
in the form of violin plots in vioplot™ (Fig. 3) and probability density
distributionsin ggplot2 (ref. ™) (Supplementary Data1).

Poisson regressions and phylogenetic analyses of variance

To test for differences in each of the CTL, TL, T and L counts between
groups, we performed Poisson regressions of counts versus groups
(Supplementary Table 1) using the glm.nb function in MASS"° to build
regression models. We used the Anova function in car to assess the
degree and significance of parameter deviance from a null model. We
used the nagelkerke function in rcompanion’ to calculate pseudo-R?
coefficients, measuring how well each of the Poisson regression models
explains the data. Inaddition, we used emmeans™’ for conducting post
hoc tests of significant pair-wise differences between estimated means
of group-specific counts. Lastly, we evaluated significant differences
among the mean values of eachindex across groups’ (Supplementary
Table 2) using the phylANOVA function in phytools"®.

Independent contrasts and phylogenetic generalized least
squares analyses

We used phylogenetic independent contrasts (brunch function in
caper®) (Supplementary Table 3) to model the regression between
TL counts and T:L ratios (Fig. 5a and Supplementary Fig. 1), as well as
between each of the CTL and TL counts and their associated Brillouin
and evennessindices (Supplementary Figs.2-5). The ‘brunch’regres-
sion model is suitable for predictors, such as counts, that take the
form of ordered multinomial data. In addition, we used phylogenetic
generalized least squares regression (pgls functionin caper) (Supple-
mentary Table 3) to correlate T:L ratios with each of the TL Brillouin
and evenness indices (Supplementary Figs. 6 and 7). Comparative data
objects forboth brunch and pgls regressions used the phylogenetic var-
iance—covariance matrix with the fullarray of individual branch lengths

contributing to the shared lengths between any two tips of the phylog-
eny. For each regression, we output diagnostic plots using the same
functions. Given the heteroskedastic distributions of allindices, local
variationsin the distribution of values for the predictor and response
values are more appropriately visualized through LOESS regression
curves' inthe bivariate scatterplots (note: log-transforming the vari-
ables, either each one separately or both together, does not remove the

influence of heteroskedasticity).

Continuous trait mapping

We used the contMap function in phytools to produce colour-coded
plots of the complexity indices onto the phylogeny (Fig. 4 and Extended
Data Fig. 1). Index values at nodes represent maximum likelihood
estimates®, while those along the branches are interpolated following
methods inref.',

Descendant-ancestor tests

Foreachindex, we calculated estimated values atinternal nodes under
maximum likelihood with the fastAnc functionin phytools. We adapted
protocols expounded in ref. ” to correlate descendant-ancestor differ-
enceswithancestral node values across the entire tree (Fig. 6b,d,f,hand
Extended DataFig.2b,d) and for each individual group (Supplementary
Figs. 13-19) after correcting for the regression to the mean artefact.
The regression to the meanis a statistical phenomenon whereby, due
toimperfect correlations between variables (such as may be caused by
sampling error and/orinadequately representative samples), the value
ofavariabletends tooccuroutside the ‘norm’ when first measured but
itis likely to approach the population mean in subsequent measures'.
Astheregressiontothe meanisintrinsic to any imperfect correlation,
wetookitintoaccountasintegral tothe regression procedure. The first
stepinthis procedure involved testing for equality of variances associ-
ated with each of the sets of ancestor and descendant values. Depend-
ing upon outcome, one can use the Pearson’s correlation coefficient
‘r to adjust the descendant-ancestor differences when the equality
of variances is not rejected or a modified correcting index when it
isrejected. In the first scenario, let X and Y represent, respectively,
vectors of ancestor and descendant values. The difference between
X and Y can be modified as follows, to account for the regression to
the mean artefact:

D = rx (X —mean (X)) — (Y — mean (Y))

In the second scenario, let sX and sY be the standard deviations,
respectively, of Xand Y and varX and varY their respective variances.
Following ref.'?, we introduce a correcting factor, termed ‘adj’, given
by the following formula:

adj =(2 x rx sX x sY)/(varX + varY)

We then calculate adjusted differences as follows:

D1 = adj x (X — mean (X)) — (Y — mean (Y))

Note: the sign of these differences was subsequently reversed
to ensure that negative and positive differences (descendant minus
ancestor value) represent, respectively, decreases and increases. We
tested for significant differences between increases and decreases
(positive and negative D1values, respectively) in three ways using base
Rfunctions. First, we established whether the number of increases and
the number of decreases deviated from al:1null proportional distribu-
tionwithabinomial (signtest) of equal proportions. Second, we tested
whether the mean of all D1values differed from zero using a two-tailed,
one-sample Wilcoxon signed rank test. Third, we compared the abso-
lute mean of all negative D1s with the mean of all positive D1s through
anunpaired, two-tailed, two-sample Wilcoxon rank sum test. Following
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these preliminary characterizations of the distributions of D1 values
andto establish whether large or small ancestral values tend to be asso-
ciated chiefly with large or small descendant-ancestor differences, we
carried out robust linear regressionsin MASS (Supplementary Table 4).
Thesignificance of the slope and intercept of all regression models was
established with a heteroskedasticity-robust Wald F-test using sfsmisc.
Robust linear regressions were further applied to individual groups.
To provide direct tests of the overall direction of index variation over
time, we undertook robust linear regressions of ancestor values against
node agesin MASS for the entire taxon set (Fig. 6a,c,e,g and Extended
Data Fig. 2a,c) and for individual groups (Supplementary Figs. 8-12).
The node ages were obtained in paleotree'”* (dateNodes function).

Subclade tests

To establish whether trends conform to passive or driven processes,
we applied a subclade test of skewness*. The test operates by parti-
tioning the total skewness of a trait in a parent group into three main
components: skewness between subclades (SCB); skewness within sub-
clades (SCW); and heteroskedasticity-related skewness (SCH; skewness
caused by heterogeneity in trait variance in subclades) (Supplementary
Figs.20-24, Extended Data Fig. 3 and Supplementary Table 5). The test
quantifies the combined effects of passive and driven processesinterms
ofthe proportional contributions of SCB, SCW and SCH to the total skew-
ness. Such contributions are based upon the normal versus non-normal
distributions of mean subclade values relative to the mean value of the
parentgroup and upon the degree of skewnessin the subclades (that is,
smallversus large standard deviations of subclade values within the right
tail of the total group). The prevalence of either SCB or SCH suggests
passive trends, while the prevalence of SCW suggests driven trends.
High proportions of SCW suggest that the overall skewness pattern is
replicated in several constituent subclades. This is itself indicative of
adriven trend, as a tendency towards higher or lower values will skew
not only the ensemble distribution but also the distributions of most
or all subclades™**%°, As an example, consider a parent group witha
right-skewed trait (for example, complexity or size). Furthermore, sup-
pose that each constituent subclade shows symmetrically distributed
values around its own mean and that the means of the subclade distribu-
tions areright-skewed around the parent group’s mean. In this scenario,
theright-skewed distribution of the parent group results froma passive
trend, as SCB prevails. Now assume that the distribution of each subclade
isalsoright-skewed. Inthis scenario, SCW prevails, pointing toadriven
trend. This would also be the case if the means of the subclades were
symmetrically distributed around the parent group’s mean. In a final
scenario, suppose that each subclade has symmetrically distributed
values and, further, that the variance increases in subclades at the right
tailend of the parent group’s distribution (that is, those subclades exhibit
a greater spread of values around their own means). In this case, the
right-skewed distribution of the parent groupis caused by heteroskedas-
ticity (SCH) and, asin the case of SCB, itindicates a passive process®. The
test code builds probability density functions for the values of the parent
group and those of its subclades and outputs a list of the percentage
contributions of SCB, SCH and SCW to the skewness of the parent group.
Foreachindex, the total skewness was calculatedin e1071. As analyses of
skewness are predicated on right-skewed distributions**** and because
mostindices are negatively skewed (except for unstandardized T:L), we
transformed those indices by taking their negative logarithms® before
subjecting them to the test. Subclade tests on selected major groups
followed identical protocols.

Analyses of rates

We used reversible-jump Markov Chain Monte Carlo methods in gei-
ger® to detect shifts in rates of complexity changes’™ (Extended Data
Figs. 4 and 5). For each tested index, we ran the rjmcmc.bm function
for 5 x 107 generations under a relaxed-clock Brownian motion model
of evolution, sampling every 500 generations. Under relaxed-clock

Brownian motion, changes are permitted following two modalities:
(1) unusually high or low rates occurring on single branches, resulting
inashiftin global optimum alongthose branches and (2) shiftsinrate
of evolutioninherited by all descendants of agivenbranch. After each
run, we checked chain convergence towards equilibrium in Tracer*
and visualized the posterior Bayesian rate estimates (median values)
andrate shifts on the tree using plotting functionsin geiger. Branches
showing median rates that are higher or lower than the background
rates are colour-coded with gradients of colour intensity (maroon for
higher rates and steelblue for lower), where greater intensity signifies
greater rates of change. The posterior probabilities of rate shifts are
indicated by solid circles, the size of which is proportional to their
posterior probabilities and with colour coding identical to that used
for the branchrates (maroon, upturnshift; steelblue, downturn shift).

Reporting summary
Furtherinformation onresearch designisavailable in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The datathat support the findings of this study are available in Figshare
and accessible at https://doi.org/10.6084/m9.figshare.21622284. Sup-
plementary Tables 1-5 include outputs from the following analyses:
Poisson regressions of counts versus groups; phylogenetic analyses
of variance for the complexity indices; phylogenetically corrected
correlations between various categories of vertebral counts and com-
plexity indices; robust linear regressions between ancestral complexity
values and descendant-ancestor differences, as well asbetween node
ages and ancestral values; and subclade tests. Supplementary Data 1
lists taxa, their presacral counts and their complexity indices. It also
reports univariate statistics and histogram distributions for the tho-
racic and lumbar counts alongside probability density distributions
for various complexity indices. The literature sources on vertebral
formulae arelisted in Supplementary Data 2. The time-scaled phylog-
eny is available in Supplementary Data 3 as an object of class ‘phylo’.
R code is reproduced in Supplementary Data 4 and is accompanied
by templates for running analyses on individual data files extracted
from Supplementary Data 1. Such data files are combined as separate
tabs within individual spreadsheets and are available as Source Data
for Figs.3-6 and for Extended Data Figs.1-5. These Source Data canbe
redeployed for building Supplementary Figs 1-24.

Code availability

Allresultsand graphics are reproducible using the protocols detailed
inthe Methods and the examples accompanying the relevant functions
of various packages. R code is deposited in Figshare and accessible at
https://doi.org/10.6084/m9.figshare.21622284.
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Extended Data Fig. 1| Continuous mapping of complexity indices across
the phylogeny. The values of three complexity indices are mapped onto
the phylogeny using colour gradients. Index values at the internal nodes are
estimated through maximum likelihood, and those along the branches are

L -

5427 logit TiLratio  -2.376

length=91.004
interpolated between the nodal estimates. For each index, the colour scales
range fromits minimum to its maximum value. The lengths of the scale bars arein
millions of years. a, Presacral Brillouin index. b, Presacral evenness index. ¢, Logit
thoracic:lumbar ratio.
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Extended Data Fig. 3| Subclade tests in selected mammal groups. Results

of skewness partitioning tests applied to the thoracolumbar Brillouin and
evenness indices in various mammal groups. In each plot, the probability density
distributions of the index values for each subclade are shown by colour-coded
thinlines, whereas the index distribution for the entire group is shown by a thick
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