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Abstract

Many palaeontological studies have investigated the evolution of entire

body plans, generally relying on discrete character-taxon matrices. In con-

trast, macroevolutionary studies performed by neontologists have mostly

focused on morphometric traits. Although these data types are very differ-

ent, some studies have suggested that they capture common patterns.

Nonetheless, the tests employed to support this claim have not explicitly

incorporated a phylogenetic framework and may therefore be susceptible to

confounding effects due to the presence of common phylogenetic structure.

We address this question using the scorpion genus Brachistosternus Pocock

1893 as case study. We make use of a time-calibrated multilocus molecular

phylogeny, and compile discrete and traditional morphometric data sets,

both capturing the overall morphology of the organisms. We find that mor-

phospaces derived from these matrices are significantly different, and that

the degree of discordance cannot be replicated by simulations of random

character evolution. Moreover, we find strong support for contrasting modes

of evolution, with discrete characters being congruent with an ‘early burst’

scenario whereas morphometric traits suggest species-specific adaptations to

have driven morphological evolution. The inferred macroevolutionary

dynamics are therefore contingent on the choice of character type. Finally,

we confirm that metrics of correlation fail to detect these profound differ-

ences given common phylogenetic structure in both data sets, and that

methods incorporating a phylogenetic framework and accounting for

expected covariance should be favoured.

Introduction

Ever since the earliest attempts by Linnaeus at classify-

ing the biota, the outstanding diversity of biological

form has amazed naturalists and biologists alike, pro-

foundly shaping our approach to most aspects of histor-

ical biology. One of the most tantalizing characteristics

of morphological diversity, generally referred to as

disparity, is its nonhomogenous distribution. From the

differentiated morphotypes of populations to the

baupl€ane of higher level taxonomic categories, disparity

shows a highly clustered pattern across the biological

hierarchy (Erwin, 2007). Uncovering the causes behind

this peculiar pattern has been a central goal of evolu-

tionary biology. In the last few decades, the ever-

increasing availability of molecular phylogenies,

coupled with the development of rigorous statistical

techniques, has resulted in an unprecedented power to

tackle these questions through the inference of histori-

cal patterns of morphological change (Pagel, 1999), lar-

gely contributing to the success of macroevolutionary

research (Goswami et al., 2016).
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Within this emerging field, evolutionary biologists

have generally studied the dynamics of either single

characters or of a limited set of traits, for example those

characterizing individual morphological modules (Aris-

tide et al., 2016; Garcia-Porta et al., 2016) or hypothe-

sized to play a role in niche exploitation (Mahler et al.,

2013). The disparity in size or shape among these char-

acters is captured through the use of either linear mea-

surements, an approach often called traditional

morphometrics (Marcus, 1990), or through more elabo-

rate methods such as landmark-based geometric mor-

phometrics (Adams et al., 2004). This focus on the

analysis of quantitative morphological variation has led

to the development of a wide array of phylogenetic

comparative methods (O’Meara, 2012; Pennell & Har-

mon, 2013), many of which are specifically designed to

address the evolutionary history of continuous charac-

ters.

On the other hand, palaeontologists have tradition-

ally focused on the origin, assemblage and diversifica-

tion of entire body plans (Gould, 1990; Wills et al.,

1994; Foote, 1997). Given the morphological complex-

ity under study, as well as the taxonomic breadth tar-

geted, identifying homologous measurements or

landmarks (a requirement of morphometric-based stud-

ies) becomes unfeasible (Wills et al., 1994). Therefore,

this kind of research generally relies on matrices built

using discrete characters, such as the absence or pres-

ence of putatively homologous structures. Although far

from new, this approach has recently experienced a

resurgence in the literature (Lloyd, 2016).

Morphometric and discrete characters not only differ

on the nature of the variation being captured, but are

also thought to contrast in aspects such as their rate of

evolution, relative degree of independence, the homol-

ogy of the structures being considered (MacLeod, 2002)

and their level of phylogenetic signal and homoplasy

(Klingenberg & Gidaszewski, 2010). Therefore, a long-

lasting question in disparity-based studies is whether or

not the patterns captured by discrete and morphometric

variables are congruent. Surprisingly, so far attempts at

answering this question have unanimously concluded

that the patterns derived from both types of data are

compatible (Villier & Eble, 2004; Anderson & Friedman,

2012; Foth et al., 2012; Hetherington et al., 2015). This

result is especially intriguing given the fact that

palaeontological and neontological approaches seem to

offer opposite views on some key evolutionary ques-

tions, such as the relative frequency of ‘early bursts’ of

phenotypic evolution (Slater & Pennell, 2013). How-

ever, the aforementioned studies exclusively tested for

the existence of correlations between either alternative

data matrices or results derived from them, such as pat-

terns of morphospace occupation or estimates of dispar-

ity. On the other hand, they have rarely incorporated

an explicit phylogenetic scaffold into their analyses. As

a result, previous studies may have failed to account

for the presence of an expected degree of phylogenetic

structure common to different data sets (Anderson &

Friedman, 2012), arising from the shared evolutionary

history that ultimately generated them. Without an

analysis that is performed within an explicit phyloge-

netic framework, an appropriate null expectation can-

not be specified (Lloyd, 2016), and the level to which

inferred macroevolutionary patterns and dynamics are

contingent on character choice cannot be fully assessed.

We tackled this problem employing the scorpion

genus Brachistosternus Pocock 1893 as case study. This

clade, endemic to South America, is one of the region’s

best studied genera of scorpions and is composed of

medium-sized fossorial species that inhabit arid and

semi-arid environments (Kova�r�ık & Ojanguren-Affilas-

tro, 2013). Several subclades have diversified in differ-

ent biogeographic regions across the southern and

eastern regions of the continent (Ojanguren-Affilastro

et al., 2016), a process mostly driven by the uplift of

the Andean mountain range (Ceccarelli et al., 2016).

Unlike previous efforts at assessing the dependence of

macroevolutionary patterns on character choice, we

used an independent, time-calibrated molecular phy-

logeny for the group under study. Using this phyloge-

netic hypothesis, we studied the evolutionary history of

morphological change employing both a discrete and a

morphometric character-taxon matrix, applying a vari-

ety of phylogenetic comparative methods to address

three main questions: Are the patterns of morphological

disparity implied by discrete and morphometric vari-

ables significantly different from each other? And if so,

is this difference within the range expected by simula-

tions of random character evolution? Finally, do these

different representations of overall body shape imply

that different macroevolutionary processes drove the

morphological change in this group of scorpions? By

expanding the set of metrics employed to characterize

morphological evolution beyond static measures of dis-

parity, as well as incorporating a time-calibrated phy-

logeny, we are able to provide new insights into the

impact of character choice on macroevolutionary

inference.

Materials and methods

Phylogeny and data matrices

The phylogeny used is the same as that of a recent bio-

geographic analysis of the genus (Ceccarelli et al., 2016)

and derives from a multispecies coalescent analysis car-

ried out in *BEAST 1.8.2 (Heled & Drummond, 2010)

using DNA matrices built from five gene loci sequenced

for 120 specimens of Brachistosternus. The final topology

(Fig. 1) was obtained after pruning outgroups and spe-

cies for which no morphological information could be

gathered. Following previous analysis (Ceccarelli et al.,

2016; Ojanguren-Affilastro et al., 2016), the genus was
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subdivided into five clades that have radiated in differ-

ent biogeographic regions (colour coded in Fig. 1).

The discrete data set derives from a previous cladistic

analysis of the genus (Ojanguren-Affilastro & Ramirez,

2009), which in turn was partially based on characters

defined by Prendini (2000, 2003) and Ochoa (2004) to

assess phylogenetic relationships among genera of the

family Bothriuridae and the superfamily Scorpionoidea.

The data set was reduced to 79 characters by eliminat-

ing those that turned invariant under the present taxo-

nomic sampling. The resulting discrete matrix was

composed of 46 binary and 33 multistate characters; of

the latter, roughly half (45%) were treated as ordered.

The use of a taxonomically subsampled matrix, which

furthermore consists of characters originally defined to

be useful at a higher taxonomic level, led to the
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Fig. 1 Phylogeny of the genus Brachistosternus. The five subclades used throughout the study are shown in different colours. Black circles

represent Bayesian posterior probabilities > 0.95, white circles between 0.9 and 0.95. For details on the methods of phylogenetic inference

and time-calibration employed, please refer to Ceccarelli et al. (2016). The silhouettes show a dorsal view of Brachistosternus alienus

L€onnberg 1898 with body regions (herein constituted by prosoma, mesosoma, metasomal segments I–V and telson) colour coded to

represent relative character sampling effort between morphological data sets (top, discrete; bottom, morphometric). Sampling is relatively

homogenous between body regions, as well as similar for both data sets.
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incorporation of a sizable amount of autapomorphies:

22% of characters contain at least one state present in

only one species.

On the other hand, a traditional morphometric

matrix comprising 68 characters was newly generated

for this study. Values were mined from taxonomic

descriptions or obtained from museum specimens and

comprise mostly log-transformed ratios between linear

measurements. This approach was efficient at reducing

allometric scaling of variables, with none of the result-

ing continuous characters showing a significant correla-

tion with total body length (Pearson correlation, all

P > 0.05 after performing independent Hochberg cor-

rections for male and female data subsets). The relative

coverage of body regions was similar across data sets

(Fig. 1, inset), allowing us to treat them as competing

attempts to represent the overall morphological dispar-

ity within the clade. Both data sets were scored for 39

species of Brachistosternus, encompassing 90% of all

described species of the genus (Kova�r�ık & Ojanguren-

Affilastro, 2013). The two data sets are available as

Appendices S1 and S2. All subsequent analyses were

performed in the R environment (R Core Team, 2015).

Phylomorphospaces and pattern difference

Both morphological data sets were transformed into dis-

tance matrices using Gower’s coefficient (Gower,

1971a), with function daisy of package ‘cluster’

(Maechler et al., 2015). This distance metric is very

common in macroevolutionary studies given its capac-

ity to accommodate missing data (which in our case

added up to < 4% of either data set), as well as due to

its flexibility to deal with binary, multistate and contin-

uous variables (Lloyd, 2016). Briefly, Gower’s coeffi-

cient is calculated using the following equation:

Sij ¼
Pn

k¼1

sijkdijk

Pn

k¼1

dijk

(1)

where Sij, the overall distance between taxa i and j, is

the average score of the individual distances (sijk) for

each character k (with n being the total number of

characters) taken over all possible comparisons. When-

ever a comparison is possible, dijk = 1; whenever there

is a missing entry in either one or both of the taxa

dijk = 0. For binary and unordered multistate characters,

sijk = 1 if character states match for both taxa and is 0

otherwise. For ordered and continuous characters, sijk is

the absolute distance between character states, divided

by the total range of the variable (Gower, 1971a). In

this formulation of Gower’s coefficient, Sij will vary

between 0 and 1, given that the same is true for all sijk.

In the presence of missing values, Gower’s coefficient

has been shown to preserve more of the original

distances between taxa than alternative metrics (Lloyd,

2016), as well as to outperform most data estimation

methods (Brown et al., 2012). Furthermore, by accom-

modating all types of characters, Gower’s coefficient

allowed us to transform both data sets into distance

matrices that can be subsequently tackled using the

same methodologies.

Principal coordinate (PCO) ordination was performed

on the resulting distance matrices (Gower, 1966) using

the cmdscale function with option add = TRUE in order

to employ Cailliez (1983) solution to avoid negative

eigenvalues. In order to standardize the dimensionality

of the study for downstream analyses, Cattell’s scree

test (Cattell, 1966) was used to determine the retention

of the first five dimensions in both cases (as in Hopkins,

2016), accounting for 53% and 67% of total variance

for the morphometric and discrete data sets, respec-

tively. Percentage of variance summarized by each

PCO, as well as the type of characters that most con-

tribute to the variance captured by them, can be found

in Table S1. Morphological disparity, as portrayed by

both data sets, was explored using phylomorphospaces

(Sidlauskas, 2008) with package ‘phytools’ (Revell,

2012).

To better evaluate the degree to which the mor-

phospaces derived from discrete and morphometric

characters differed from one another, the Procrustes

sum of squares (PSS, i.e. the total sum of squared resid-

uals after performing Procrustean superposition, which

eliminates differences due to translation, rotation and

scaling of the configurations) (Gower, 1971b) was used

as a measure of pattern dissimilarity. Procrustean super-

position and PSS calculation were performed using

package ‘vegan’ (Oksanen et al., 2016). Furthermore,

the obtained PSS value was compared with two null

distributions to test different hypothesis. First, we anal-

yzed whether the a priori subdivision of characters into

discrete and morphometric matrices resulted in signifi-

cantly different morphospaces. To do this, we applied a

permutation test, randomly reassigning characters

among matrices. 1000 pseudoreplicated pairs of matri-

ces (of same size as the original ones) were built in

such way, and the PSS metric was calculated for each

pair after building a five-dimensional morphospace as

explained above. The proportion of permuted matrices

rendering higher PSS values that the observed one was

taken as an estimate of the significance of the test. This

procedure is analogous to the one undertaken to evalu-

ate modularity in geometric morphometric data sets

(RV coefficient; Klingenberg, 2009) and incongruence

among data sources in phylogenetic systematics (ILD

test; Farris et al., 1995).

Next, we tested whether the observed degree of pat-

tern difference could be replicated by simulating char-

acter evolution in the phylogeny. Once again, 1000

continuous and discrete matrices of same size as the

originals were simulated using function sim.char in
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package ‘geiger’ (Harmon et al., 2008), and compared

using the same methodologies (i.e. transformation to

distance matrices using Gower’s coefficient, use of PCO

ordination and calculation of the PSS on the five-dimen-

sional morphospaces). Parameters for the simulations

were obtained from the observed data sets: continuous

matrices were evolved under a single Brownian motion

model (BM) using the observed evolutionary variance–
covariance matrix; discrete traits were modelled using

continuous time Markov models, with transition matri-

ces (Q) and maximum-likelihood root states obtained by

randomly sampling characters from the discrete data set.

Before calculating these parameters, missing values

were estimated using ancestral state reconstruction

methods with package ‘picante’ (Kembel et al., 2010),

an approach that has been shown to be superior to

excluding taxa with missing data from morphometric

studies (Arbour & Brown, 2014). R code to replicate

the permutation and simulation tests is available as

Appendix S3, alongside a more detailed discussion of its

implementation.

Analysis of disparity

Given that different proxies of disparity often capture

different patterns (Ciampaglio et al., 2001), we esti-

mated present-day disparity for the five defined sub-

clades using sum of ranges (SOR), sum of variances

(SOV) and mean squared Euclidean distances. To assess

the temporal dynamics of disparity, a DTT plot (Harmon

et al., 2003) was built for each data matrix. Temporal

trajectories of disparity were compared qualitatively

with 10 000 replicates of character evolution under BM

(Slater et al., 2010). To estimate whether trajectories of

disparity through time significantly deviated from the

null expectation of a random walk, we calculated the

morphological disparity index (MDI) as the area con-

tained between a given trajectory and the median of

the BM simulations. A two-tailed test was used to

assess the level of significance.

Macroevolutionary model

We performed multivariate maximum-likelihood fits for

all dimensions in each partition to four different models

of trait evolution, using function transformPhylo.ML of

package ‘motmot’ (Thomas & Freckleton, 2012). This

approach should alleviate (to some extent) the biases

found when fitting individually the first few dimensions

of an ordination procedure (Uyeda et al., 2015). Models

tested were BM, Ornstein-Uhlenbeck (OU) (Hansen,

1997), and those incorporating the tree stretching

parameters d and j (Pagel, 1997, 1999; O’Meara,

2012), allowing us to assess a diversity of macroevolu-

tionary scenarios. The fit of a k model was also

explored, but it was excluded from the model selection

procedure because it was considered to be redundant in

the context of the other models tested. Models were

compared using Akaike information criterion weights

(wtAIC).

Correlation metrics and phylogenetic structure

In order to replicate the approach favoured by previous

studies, we calculated Spearman’s correlation coeffi-

cient for the disparity estimates of the five subclades in

the genus according to both data sets, as well as for

10 000 randomly generated groups of 5, 10 and 20 spe-

cies sampled without replacement. We also employed a

Mantel correlation test between both distance matrices

and a Procrustes superposition test (PROTEST) between

both resulting morphospaces (104 permutations in both

cases). None of these measures take into account

expected levels of covariance due to common phyloge-

netic history (Anderson & Friedman, 2012; Lloyd,

2016) and may therefore be prone to find significant

correlations even when substantial underlying differ-

ences are present. We attempted to detect shared phy-

logenetic structure in both data sets using: (i) an

analysis of correlation between phylogenetic indepen-

dent contrasts (PICs) derived from discrete and mor-

phometric PCOs (calculated using package ‘ape’; Paradis

et al., 2004), as well as (ii) between parsimony branch

lengths, calculated as the number of unambiguous

synapomorphies per branch derived from both parti-

tions, using TNT (Goloboff & Catalano, 2016). Finally,

(iii) phylogenetic signal per PCO was calculated using

Blomberg’s K (Blomberg et al., 2003), and its signifi-

cance tested using a randomization test with 1000

replicates.

Results

The patterns of morphological disparity portrayed by

the two data sets are strikingly different (Fig. 2). Dis-

crete characters reveal that most main clades within

the genus also correspond to morphologically defined

clusters, as well as suggesting that a substantial fraction

of overall morphological evolution occurred in the

branches subtending these clades (although a few

prominent cases of long terminal branches can also be

seen). On the other hand, very little phylogenetic struc-

ture is seen among morphometric characters, with high

levels of convergence between members of all groups

and a general pattern of very short internal branches

and long terminal ones.

A permutation test allowed us to confirm that both

morphospaces are the most different characterizations

of overall disparity that can be obtained from the scored

characters (Fig. 3, P ≤ 0.001). In fact, a very small frac-

tion of randomly permuted matrices showed PSS values

even close to the one observed when comparing the

morphospaces derived from morphometric and discrete

matrices. To test whether this result was sensitive to
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the particular way in which Gower’s coefficient mea-

sures differences among different types of characters,

the same procedure was repeated considering all multi-

variate characters as unordered, treating all as ordered

(essentially modifying the way differences are

weighted), as well as using a different distance metric,

generalized Euclidean distance (see Lloyd, 2016 for

details). Results were the same in the three cases (see

Fig. S1), supporting the conclusion that the subdivision

into morphometric and discrete data sets results in pat-

terns of morphospace occupation that are significantly

different than those of random subdivisions. Even

more, such degree of pattern difference is greater than

expected under simulations of random character evolu-

tion in the phylogeny (P = 0.004). Further tests

revealed that this conclusion is robust to whether con-

tinuous traits are evolved under independent BMs (i.e.

with no covariance), to the treatment of a fraction of

simulated multivariate characters as ordered and to the

estimation of parameters using only taxa with no miss-

ing values (see Fig. S1). Under the null expectation

provided by simulating random walks in the phylogeny,

the probability of obtaining two morphospaces as con-

trasting as those in Fig. 2 is negligible. Such strong sys-

tematic difference may therefore be the result of

different modes of evolution underlying the two data

sets.

We estimated several measures of disparity (accord-

ing to both data sets) for the five previously defined

clades. When employing both SOV and SOR, the two

partitions showed somewhat similar relative patterns of

disparity between clades (Fig. 4a,b). However, an unex-

pected result is that morphometric traits seem to reveal

systematically higher amounts of disparity within clades

(one-way ANOVAs, SOV: F1,8 = 9.89, P = 0.01; SOR:

F1,8 = 7.77, P = 0.02). In fact, if overall variance is par-

titioned into a within and between clade sum of

squares, opposite patterns emerge from each data set:

according to the discrete characters, 73% of total vari-

ance occurs between clades, whereas the morphometric

0.
5

1.
0

−1.0 −0.5 0.0 0.5 1.0 1.5

−0
.5

0.
0

MDS 1

M
D

S 
2

−1.0 −0.5 0.0 0.5

−0
.5

0.
0

0.
5

1.
0

MDS 1

M
D

S 
2

Morphometric

Discrete

Fig. 2 Morphospaces derived from the discrete (top) and

morphometric (bottom) character-taxon matrices. Both graphs are

a visual summary of the pattern captured by each data set’s five

PCOs, obtained using metric multidimensional scaling (MDS).

Colours correspond to the five subclades defined in Fig. 1.

0

200

0 0.5 1.0 1.5

Co
un

t

Procrustes Sum of Squares

150

100

50

Fig. 3 Difference in overall pattern between the morphometric

and discrete morphospaces (arrow), compared with null

distributions. Histogram in orange corresponds to the permutation

test, histogram in purple to the simulations of random character

evolution in the phylogeny.

ª 2017 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY . J . E VOL . B I OL . do i : 1 0 . 1 11 1 / j e b . 1 3 05 0

JOURNAL OF EVOLUT IONARY B IOLOGY ª 2017 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

6 N. MONGIARDINO KOCH ET AL.



data set assigns 79% of total variance to differences

within clades. As the clades being addressed represent

also most of the earliest events of divergence within

the genus, it seems likely that the higher amount of

disparity between clades according to the morphometric

data set – as captured by all three metrics – is actually

the effect of partitions showing different patterns of dis-

parity through time. A DTT plot confirmed this: the

two data sets offer opposite views on the way

morphological disparity behaved through the evolution-

ary history of the clade (Fig. 4c). According to the con-

tinuous data set, subclade disparity remained higher

than expected under a BM model during the entire his-

tory of the genus, resulting in an MDI of 0.354. On the

other hand, according to the discrete data set, it

dropped to very low values early in the radiation of the

group, remaining relatively low (< 50% of total clade

disparity) until the present (MDI = �0.232). Both
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Values are standardized by dividing subclade values by the total disparity of the genus. Error bars were calculated by bootstrapping the

original data sets and represent � 1 standard deviation. Circles correspond to values obtained for the morphometric data set, squares to the
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curves imply MDI values that lie outside of the 95%

confidence interval (CI) based on simulated trajectories

under BM (P = 0.012 and 0.002 for the morphometric

and discrete partitions, respectively).

Regarding evolutionary mode, both data sets strongly

rejected the hypothesis that trait evolution is compati-

ble with a BM model, while at the same time providing

strong support for a d model (Table 1). This model

raises node depths to a power (d), providing a test of

whether there is evidence of changes in the rate of evo-

lution through time (Pagel, 1997). However, the maxi-

mum-likelihood estimate for the d parameter under

both partitions suggests contrasting processes of

macroevolution. In the case of the continuous data set,

we obtained a d parameter of 8.597 (95% CI = 4.768–
18.670), implying accelerating rates of evolution

towards the present. This result suggests that the main

process governing the morphological evolution of

Brachistosternus is the acquisition of species-specific

adaptations. On the contrary, a d parameter of 0.086

(95% CI = 0.029–0.209), as supported by the discrete

partition, is indicative of a sharp reduction in evolu-

tionary rate, as often is the case with ‘early bursts’ dur-

ing adaptive radiations.

Despite the profound differences described above,

most of the traditional tests used to determine whether

different data sets portray similar pictures of disparity

detected strong correlations among the morphometric

and discrete data sets. Distance matrices were shown to

be significantly correlated (Mantel test Pearson’s

r = 0.31, P = 0.0004), as were the relative positions of

species in associated morphospaces (Procrustes statis-

tic = 0.45, P = 0.0003). Although measures of disparity

per clade (Fig. 4a,b) were not significantly correlated

(SOV: t3 = 0.92, P = 0.21; SOR: t3 = 1.72, P = 0.09), the

degree of correlation was high in both cases (r = 0.47

and 0.70, respectively), and the lack of significance is

most likely a result of sample size. Accordingly, correla-

tion among disparity estimates for random generated

subsamples was highly significant (all P < 10�16; see

Fig. S2 for further detail).

Concerns about the sensitivity of these tests to com-

mon phylogenetic structure have been tackled testing

for correlation between PICs derived from both data

sets (Anderson & Friedman, 2012). In our case, this test

revealed three significant results (12%), although with

25 correlations to perform, none is significant after

adjusting for multiple comparisons. Nonetheless, parsi-

mony branch lengths derived from both partitions are

significantly correlated (q = 0.39, P = 0.0002), proving

that a common phylogenetic structure can indeed be

found in both data sets. This result is corroborated by

calculating the significance of Blomberg’s K statistic:

four discrete and one morphometric PCO showed sig-

nificant phylogenetic signal (all P < 0.01), with other

two morphometric dimensions showing marginally

nonsignificant results (both P = 0.06).

Discussion

Morphological disparity, along with taxonomic diver-

sity, is among the key aspects characterizing biological

evolution (Gould, 1990). Understanding their dynamic

through time can provide unparalleled insights into

evolutionary success and its relationship with ecological

opportunity, selective pressures, constraints, biotic

interactions and environmental conditions (Gould et al.,

1977; Foote, 1992; Wills et al., 1994; Harmon et al.,

2003). A lot of effort has therefore been directed at

assessing various methodological aspects of their quan-

tification.

We focused on the impact that alternative characteri-

zations of overall morphology, as derived from different

character types, have on the inferred macroevolution-

ary history of a scorpion genus. By employing for the

first time an independently derived, time-calibrated

phylogeny for the group under study, we were able to

tackle this question by incorporating new methods, as

well as extending our analyses beyond the comparison

of measures of clade disparity.

Where previous studies have systematically found

congruence (Villier & Eble, 2004; Anderson & Fried-

man, 2012; Foth et al., 2012; Hetherington et al., 2015),

we found strong evidence of disagreement. Patterns of

morphospace occupation, as derived from a discrete

and a morphometric data set, were significantly differ-

ent under a permutation test, thus revealing that the

observed variables cannot be partitioned in a way that

results in larger differences. Furthermore, the degree of

pattern dissimilarity could not be replicated by simulat-

ing the evolution of discrete and continuous characters

in the phylogeny of the group (Fig. 3), confirming that

they are significantly more different than expected by

chance alone.

Further analyses revealed the reason for this discrep-

ancy. Both model fitting and DTT plots showed that the

disparity captured by discrete characters was divided

among subclades early in the history of the group.

According to this data set, the genus experienced an

‘early burst’ of morphological diversification, the

Table 1 Comparison of different models of macroevolution using

a simultaneous fit for all dimensions in both data matrices. Models

are ranked according to their wtAIC for the morphometric data

set.

Model

Morphometric data Discrete data

log-

likelihood AIC wtAIC

log-

likelihood AIC wtAIC

d 204.60 �403.19 0.994 260.72 �515.43 1.000

OU 200.46 �392.92 0.006 241.55 �475.10 0.000

j 190.49 �374.97 0.000 245.69 �485.37 0.000

BM 186.15 �368.30 0.000 241.55 �479.10 0.000
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signature of an adaptive radiation. The main morpho-

logical aspects that it captures, such as differential pat-

terns of setation, evolved during the divergence of the

main subclades of the genus, followed by a significant

drop in their rate of evolution. On the contrary, the

main aspects of morphometric variation in the group,

such as the size and shape of the tail segments, under-

went an increase in evolutionary rate through time.

The resulting pattern is dominated by species-specific

adaptations that have overridden most historical signal

and resulted in widely convergent morphologies.

The reason behind the difference between our results

and those of previous analysis could be ascribed to

peculiarities in the evolutionary history of our case

study, or to derive from our use of a different method-

ological approach. We lean towards the second inter-

pretation, mainly because tests of correlation, the

methods used so far to detect congruence in patterns

derived from different data sets, do not take into

account the expected presence of common phylogenetic

structure. We confirm this by demonstrating that, in

spite of the stark contrast already described, these tests

do find high levels of correlation between our data

matrices. Furthermore, several lines of evidence con-

firm the presence of phylogenetic structure among

them. We conclude that the methods previously used

are inappropriate to assess the congruence of

macroevolutionary patterns, being susceptible to finding

significant levels of correlation even in the face of

strong differences. Methods that incorporate a phyloge-

netic framework, and are therefore able to account for

expected levels of covariance (such as the ones applied

above), should be preferred.

The degree to which the patterns and processes cap-

tured by both data sets are the result of intrinsic biases

in each of them, or otherwise faithfully represent his-

torical processes in this clade of scorpions, is difficult to

assess. Discrete data sets, especially those that derive

from previous cladistic analyses, are generally biased

towards obviating autapomorphic characters, possibly

leading to an overestimation of the relative amount of

morphological evolution close to the base of the tree.

On the other hand, autapomorphies cannot be easily

filtered when compiling morphometric data matrices,

and we might therefore expect this type of characters

to capture relatively more change at the terminal

branches of a phylogeny, as is the case in our results.

Nonetheless, we believe that there is evidence suggest-

ing that our results also capture biologically relevant

phenomena. For example, a significant relationship is

found when the morphometric PCO 2 is regressed on a

psammophyly index (F1,37 = 15.45, Bonferroni adjusted

P = 0.002), representing the degree of adaptation of

each species for life on sandy substrates (calculated in

Ojanguren-Affilastro et al., 2016; see Prendini, 2001).

This increase in specialization has originated multiple

independent times, either among individual species or

pairs of species (Ojanguren-Affilastro et al., 2016), and

may be one of the reasons why morphometric variables

capture an increase in evolutionary rate towards the

present. On the other hand, the discrete data set does

contain a sizable proportion of autapomorphies (see

Materials and methods). For example, 35% of the total

number of parsimony steps obtained by optimizing the

discrete partition in the molecular tree occur at termi-

nal branches, although this includes a mixture of both

autapomorphies and instances of convergence. Like-

wise, the five longest branches of the tree are all termi-

nal ones (some of which are also captured in the

morphospace of Fig. 2). It is in fact likely that the ‘early

burst’ recovered in the analysis of discrete characters,

mainly involving an early differentiation among pat-

terns of setae and trichobothria, as well as among con-

figurations of the male reproductive organ, did take

place during the early evolution of the group. These

traits are not amenable of being coded as continuous

variables, and were therefore excluded from the mor-

phometric data matrix, possibly contributing to the lack

of signal for early morphological evolution in this data

set.

Although some degree of differential character sam-

pling may underlie the differences in the dynamics

inferred from different character types, it is also possible

that the evidence for ‘early bursts’ simply has a higher

chance of surviving among discrete characters than

among morphometric ones. This has strong conse-

quences for the study of macroevolutionary dynamics

and yet finds support on a very simple observation:

morphological differences among closely related species

are generally quantitative in nature (MacLeod & Forey,

2002), but the phylogenetic structure of these charac-

ters is more or less rapidly erased by homoplasy (dis-

cussed by Klingenberg & Gidaszewski, 2010 and

references therein). Although ‘early bursts’ have been

detected with the use of morphometric data (e.g. Mah-

ler et al., 2010; Slater et al., 2010; Weir & Mursleen,

2012; L�opez-Fern�andez et al., 2013), such studies have

generally targeted clades known to have undergone

adaptive radiations (sensu Schluter, 2000), as well as

focused exclusively on traits of established ecological

significance. When sought across a broader sample of

taxa and morphometric characteristics, evidence for

‘early bursts’ was found to be surprisingly rare (Harmon

et al., 2010). For the vast majority of traits that are not

undergoing strong divergent evolution, it seems logical

to expect a pattern more consistent with a ‘late burst’

of morphological disparity.

Likewise, the finding that two equally comprehensive

morphological data sets can support opposite macroevo-

lutionary histories for the same group of organisms

indicates that we are still far from being able to confi-

dently quantify an ‘overall morphological disparity’ in

the sense of Foote (1993) and Foote (1997). Studies

addressing the evolution of entire body plans may
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therefore be the ones most susceptible to the effects of

alternative character selection, given that the increase

in size of the character space from where to sample

variables will likely result in less overlap in the variance

being captured by different types of characters. We

speculate that the discrepancy between the lack of sup-

port for early bursts in the comparative literature (Har-

mon et al., 2010), and its apparent high frequency in

the fossil record (Foote, 1994; Lloyd et al., 2012;

Hughes et al., 2013) may simply reflect the differences

in focus among two fields. Evolutionary biologists use

morphometric variables to describe ecologically impor-

tant characters, whereas palaeontologists use discrete

variables to quantify overall morphological disparity.

Finally, it is specifically the presence of a common

phylogenetic structure among otherwise widely differ-

ing morphological characterizations that likely results in

similar patterns of disparity among different subclades,

such as shown in Fig. 4a,b. The choice of character type

will probably have little effect on studies focusing on

this kind of macroevolutionary pattern. All other type

of analyses, from those investigating the patterns of

morphospace occupation, to those analysing the mode

and tempo of evolution, will obtain results that are

likely to be as much a result of clade history, as they

are of character history.
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