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Abstract

The study of phenotypic variation in time and space is central to evolutionary
biology. Modern geometric morphometrics is the leading family of methods for
the quantitative analysis of biological forms. This set of techniques relies
heavily on technological innovation for data acquisition, often in the form of
2D or 3D digital images, and on powerful multivariate statistical tools for their
analysis. However, neither the most sophisticated device for computerized
imaging nor the best statistical test can produce accurate, robust and reproduc-
ible results, if it is not based on really good samples and an appropriate use of
the ‘measurements’ extracted from the data. Using examples mostly from my
own work on mammal craniofacial variation and museum specimens, I will
show how easy it is to forget these most basic assumptions, while focusing
heavily on analytical and visualization methods, and much less on the data
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1 | MODERN MORPHOMETRICS
IN STUDIES OF POPULATION
DIFFERENCES

Modern morphometrics, or geometric morphometrics
(GMM), has largely become a method for the analysis
of 2D or 3D digital images. As a flexible, powerful and
often low-cost family of techniques for phenotyping
animals, plants and other organisms, it has found
applications in a variety of fields. Analyses have
become increasingly sophisticated and the visualization
of results is now even more appealing thanks to the
rapid development and spread of hardware and soft-
ware for digital imaging. However, this analytical and
technological progress has often reduced the attention
paid to the data and type of variables behind methodo-
logically impressive studies. This happens in all disci-
plines, but is particularly evident in those requiring

that generate potentially powerful analyses and visually appealing diagrams.

geographic variation, island population, museum data, sampling error, shape coordinates

large samples and detailed information on individuals,
such as most studies of phenotypic variability among
closely related populations, a topic which lies at the
heart of morphometrics as a discipline born to quan-
tify small differences in morphology (Blackith &
Reyment, 1971). Although for brevity I will often refer
to this type of research as microevolutionary, I am also
considering analyses at the boundary between micro-
and macro-evolution (for instance, comparisons of taxa
in superspecies and studies of closely related and mor-
phologically similar species). In this context, I will dis-
cuss in plain terms some of the potential common
pitfalls of modern morphometrics, with a main focus
on how data are acquired and morphological variables
used. I declare in advance a likely bias in the selection
of examples, that largely reflect my personal experi-
ence as a biologist working mostly on mammals from
museum collections. This is probably the most studied
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group of organisms in morphometrics, but, regardless
of this, many of the topics I am going to cover have a
general relevance, as they are not specific to mammals
and may occur in data other than those from
museums.

The article is often autobiographical and informal,
with the intent to make the issues I discuss less abstract.
Thus, the article opens with a very first example from
my own work, and a confession: my first big (potential?)
mistake in a taxonomic and biogeographical analysis
using GMM. After confessing my own sins, I will dedi-
cate the second main part of the article to a number of
common problems with sampling and data acquisition
(i.e., the study materials). In the third main section,
I will briefly discuss a few peculiarities of GMM shape
variables (i.e., the methods), mostly well-known and yet
still frequently neglected. Finally, I will recap the main
considerations and will go back to the first example
(my original sin in this field!) and see if I can get
absolved for it.

2 | ACCELERATED
MORPHOLOGICAL EVOLUTION ON
ISLANDS ... OR “ADDAMS’' FAMILY
EFFECT”?

Twenty years ago, I started my career as an amateur
morphometrician. Those were the days when “caliper-

FIGURE 1
size and shape on images: (a) oak leaf (reprinted from Figure 1 of

Example of anatomical landmarks used to capture

Viscosi & Cardini, 2011 under an open access license: http://
journals.plos.org/plosone/s/licenses-and-copyright) and (b) marmot
mandibles (Marmota vancouverensis, the Vancouver Island
marmot, above, and Marmota caligata, the hoary marmot, below)

based” traditional morphometrics (Marcus, 1990) was
turning into its modern, geometric morphometric, rein-
carnation with a strong emphasis on digital images,
computerized analyses and effective ways of measuring
and visualizing biological shapes (Adams, Rohlf, &
Slice, 2004; Rohlf & Marcus, 1993). Over these two
decades and half, landmark-based methods using
Procrustes superimposition have emerged as the leading
approach among a variety of techniques aimed at accu-
rately capturing the geometry of biological forms
(Adams, Rohlf, & Slice, 2013). Procrustes employs Carte-
sian coordinates of corresponding anatomical landmarks
(Figure 1) to obtain size and shape data by standardizing
their centroid size, centering all individuals in the land-
mark configuration centroid and minimizing rotational
differences among specimens (Rohlf & Slice, 1990). Shape
coordinates are then analyzed using multivariate statis-
tics (principal component analysis—PCA, multivariate
regression, partial least squares—PLS, multivariate analy-
sis of variance—MANOVA, etc.), and results visualized
using various kinds of shape diagrams (deformation grids,
displacement vectors, wireframes linking landmarks, and
rendering of 2D or 3D images; Klingenberg, 2013). A
number of methods for the analysis of outlines is also part
of GMM and, although now less widely employed than
techniques based on Procrustes, is still fairly popular despite
some potential disadvantages (O'Higgins, 1997).

As a self-taught PhD student in biology, with neither
strong bases in mathematics nor a propensity for num-
bers, I struggled learning the principles of this highly
quantitative field. Shape analysis is by definition multi-
variate, as the simplest shape is a triangle, whose vertices
are defined by six Cartesian coordinates. Having to per-
form analyses on a large number of variables introduces
a layer of complexity and, of course, multivariate statis-
tics is even harder to learn for a beginner. Thus, most of
my focus was on designing my project, acquiring repro-
ducible data and crucially getting the methods right. As I
had some experience in morphological cladistics, my
original idea was to assess the phylogenetic signal in mar-
mot morphology, but I soon realized that phylogenetic
inference using continuous traits, and especially Procrus-
tes shape variables, is hard at best (Adams, Cardini,
Monteiro, O'Higgins, & Rohlf, 2011; Rohlf, 1998). The
study, thus, progressively shifted towards a comparison
of craniofacial similarity relationships in relation to the
just published first molecular phylogeny of marmots
(Steppan et al., 1999). As things slowly developed, some
interesting and somewhat unexpected results started
coming out (Cardini, 2003). Mandibular shape was pro-
viding a good degree of support for the newly proposed
subgeneric division of marmots (Steppan et al., 1999), but
there was one main exception. The Vancouver Island
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FIGURE 2 First two principal components of marmot
mandible variation in species means (in parentheses, the
percentages of variance accounted for by each PC). The phylogeny
(Steppan et al., 1999) is projected in the Procrustes shape space to
emphasize the close relationship of the Vancouver Island and hoary
marmots. The shape differences between the two species
(magnified x5 in Morphol; Klingenberg, 2011) are visualized using
TPS rendering of a mandible outline. The separation and large
morphological distance of Marmota vancouverensis is very clear.
However, is this pattern accurate or an unfortunate by-product of a
small sample of closely related and maybe somewhat unusual
individuals, as if they are “the Addams Family” of the Vancouver
Island population? (Addams Family, NBC Television [Public
domain], via Wikimedia Commons at https://upload.wikimedia.
org/wikipedia/commons/2/21/Addams_Family Halloween_
1977.JPG)

marmot, a highly endangered, tiny insular population
and member of the north American radiation in the
Rocky Mountains, had the most distinctive mandible of
all 14 (now 15!; Brandler, Lyapunova, Bannikova, &
Kramerov, 2010) marmot species (Figure 2), despite
DNA differences within or even below the range of

within-species variation in all other marmots (Steppan
et al., 1999).

My interpretation was that Marmota vancouverensis
Swarth, 1911, was an example of extremely accelerated
morphological evolution in a lineage whose separation
from the continent might have occurred little more than
10,000 years ago, at the end of the last glaciation, when
the Vancouver Island became separated from the main-
land (Cardini, 2003). That would fit well with an
established pattern of fast morphological evolution in
insular mammals (Millien, 2006), although one that
interestingly affected only shape and not size. Indeed,
size was fairly similar to that of its sister populations on
the continent and thus did not follow the prediction of
the “island rule” (Lomolino, 2005). Findings from mandi-
bles (hemi-mandibles, more correctly, as just one side
was measured) were later confirmed by the analysis of
cranial shape, which also suggested accelerated morpho-
logical evolution (Cardini, Thorington Jr, & Polly, 2007).
This apparently well supported observation had, we
argued, implications for conservation biology as well
(Cardini et al., 2009). Regardless of its taxonomic status
(a “good” species, a subspecies or just a recently isolated
population?), M. vancouverensis was a highly distinctive
and evolutionary significant unit. Having not had a con-
spicuously dark brown fur, a unique case for an entire
population of marmots (Armitage, 2009), its distinctive-
ness might have been underestimated by molecular data
and its conservation status overlooked. Our main point
was that this was a good example of the centrality of inte-
grative taxonomic approaches, combining molecular and
phenotypic data to accurately classify populations and
provide essential evidence for conservationists (Schlick-
Steiner et al., 2007). Importantly (at least for a clearly par-
tisan morphometrician) it showed the usefulness of focus-
ing not only on evident aspects of external morphology,
but also subtler differences (Schlick-Steiner et al., 2007) in
form, hard to detect without powerful and modern mor-
phometric tools (Cardini et al., 2009).

In fact, we have now begun to appreciate that, even
from a purely molecular point of view, the evolution of
the Vancouver Island marmot is much more intricate
than originally thought (Kerhoulas, Gunderson, &
Olson, 2015). Nevertheless, as I gathered and analyzed
more data, I kept publishing on marmot morphological
evolution with the help of several colleagues. My PhD
dataset, based on low cost 2D images of mandibles and
crania, was complemented by more accurate analyses of
3D landmarks directly measured on crania (Cardini,
Thorington Jr, & Polly, 2007). As I went on working on
this subject, I also progressively realized that my whole
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story on the Vancouver Island marmot could have been
flawed, as I had overlooked an important piece of infor-
mation. With a living wild population of just 100-200
individuals (Jackson et al., 2015), this species almost
inevitably happened to be very rare in museum collec-
tions, the source of all my specimens. Indeed, the original
sample was less than 10 individuals, that had been kindly
shipped to me from Berkeley to Washington DC, where
I was doing the main chunk of data collection. That sam-
ple, small as it was, was the largest in the USA and the
only one I could easily get access to with the limited
funds we had. A small sample is never good news,
but was there something else that could be really
concerning and probably not uncommon in similar
studies?

Analyses of small samples are indeed a frequent
occurrence in taxonomic and biogeographical applica-
tions of GMM and especially typical of studies of large
animals from museum collections (Cardini, Seetah, &
Barker, 2015). Measuring small anatomical differences in
small samples easily leads to very inaccurate estimates of
means, variances, and covariances (Cardini et al., 2015;
Cardini & Elton, 2007; Polly, 2005). Whether the poor
estimates matter or not will depend on the type of analy-
sis and the magnitude of the differences being investi-
gated, but there is no method that can correct for these
inaccuracies and, in studies of small geographical and
taxonomic differences (the main focus of this article),
they almost certainly have a strong impact on the validity
and robustness of results. In taxonomy, besides obvious
issues with tiny sample sizes, specimens inevitably origi-
nate from a few localities of a much larger distribution
range. Localities may be clustered and some might be
represented by a single individual, while others by multi-
ple specimens. Within each locality, specimens are gener-
ally collected at a specific time (year and season), and
that may or may not vary across localities. This implies
an uneven distribution of data, inadequate spatial resolu-
tion and poorly representative samples with non-
independent (intrinsically or extrinsically autocorrelated;
Beale, Lennon, Yearsley, Brewer, & Elston, 2010) and
potentially heterochronic observations. Autocorrelation
can in principle be incorporated into statistical models
but, especially within species, that may not be so easy
(Stone, Nee, & Felsenstein, 2011). In practice, the most
commonly employed methods for group comparisons
(ANOVA/MANOVA and discriminant analysis, as well
as Procrustes ANOVA; Klingenberg & Mclntyre, 1998) do
not control, at least as they are typically implemented,
for autocorrelation and therefore the issue is there virtu-
ally all the time. Probably, most morphometricians are
aware of these problems, but how often do we really take

them into account in modern morphometric analyses of
population differences?

Besides naivety and lack of experience, in my marmot
studies, I was probably tricked by something that looked
rather reassuring in the data from that small Vancouver
Island sample: mandibles of virtually all those specimens,
showed a characteristic elongated and posteriorly bent cor-
onoid process, and most crania had a V shaped suture
between nasals and frontal bones. Previous authors
(Hoffmann, Koeppl, & Nadler, 1979) had already spotted
this, but, using traditional morphometrics that does not
clearly separate size and shape components of form differ-
ences, they had not given much weight to just a couple of
unusual traits. In fact, these, and some other cranial fea-
tures, consistently contributed to make the Vancouver
Island marmot highly distinctive compared to all other spe-
cies. They were like a “signature” written in bone of
M. vancouverensis morphological uniqueness. It did seem to
suggest that, regardless of the small sample, these were
highly derived and autoapomorphic aspects, consistently
found in this species and absent or very uncommon in all
others.

Unfortunately, despite taking note of locality and year
of collection, I had totally overlooked the importance of
when and where those specimens had been collected.
Readers familiar with museum collections might have
already guessed that those precious specimens were any-
thing but independent observations from the whole species
distributional range. Almost all of them came from just two
not-so-distant localities, where the animals had been
trapped in 1910. Likely, these were members of the same
two colonies, probably relatives and therefore strongly
autocorrelated observations both in terms of genetics as
well as environment. The way I phrased my doubts at the
2008 International Marmot Conference, in Montreux, was
by asking whether my original results of high distinctive-
ness in M. vancouverensis were simply explained by what I
nicknamed the “Addams family” effect: picking up by
chance a sample of a few related animals with very unusual
traits (Figure 2), and thus misleadingly interpreting results
as evidence of high population distinctiveness.

I will go briefly back to this question later. The fair
amount of space I devoted to this very personal example
should help to convey the main message of this article,
which is about the importance of carefully looking at
data that generates the variables we analyze in GMM
studies. To strengthen this point, I am going to provide
some more examples, that I will again largely borrow
from my own research. Sometimes, however, I will also
discuss studies by other morphometricians by focusing
on very specific aspects, which suggest problems that
may or may not have impacted a broader analysis.
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3 | MATERIALS: THAT IS, THE
DATA GENERATING THE
MEASUREMENTS
3.1 | Sample size
GMM taxonomic analyses typically use adults and have a
focus on closely related species or geographic populations
within a species. In such cases, because differences are
generally small and need precise measurements to be
quantified and tested, one almost always needs large sam-
ples. How large? This is always hard to say and only exten-
sive power analyses might provide accurate estimates of
desirable sample size (V). However, when I get asked this
question by students in introductory lectures on basic sta-
tistics, I ask in turn whether they would trust an estimate
of, say, female students body height in our university
based on a sample of just 10 women, and then confidently
use it to compare it with that of another university. They
generally agree that this would not be a good idea and
larger samples should be used, because differences are
likely to be modest, if present, and inter-individual vari-
ability within each group may be high. Yet, often
populations of a species are represented, within localities,
by just a few specimens or even only one individual, as my
own study of the Vancouver island marmot exemplifies.
The series of papers we published on clinal variation in
skulls of African monkeys (Cardini, Dunn, O'Higgins, &
Elton, 2013; Cardini & Elton, 2009; Cardini, Filho, Polly, &
Elton, 2010; Cardini, Jansson, & Elton, 2007; Dunn,
Cardini, & Elton, 2013) employed much larger samples.
However, they did so in order to make inferences on
geospecies (Grubb, 2006) with a very wide distribution
range, typically covering most of Sub-Saharan Africa.
Thus, our data, despite measuring hundreds of crania,
inevitably had gaps, with many localities being represen-
ted by single specimens. A previous seminal work on
baboons and their kin (Frost, Marcus, Bookstein, Reddy, &
Delson, 2003), despite a large total sample of more than
450 specimens, was, from what one can infer by looking at
the maps with the localities of origin of those individuals,
similarly affected by an uneven distribution of the obser-
vations. Besides, none of these studies could be comple-
mented by a comparison with genetic information, which,
especially if originating from the same study specimens,
could help to corroborate or refute the patterns suggested
by the analysis of phenotypic traits. Thus, as in most
morphometric studies in taxonomy but also, for instance, in
“evo-devo,” ecomorphology or palaeontology, the approach
was monodisciplinary and the evidence intrinsically limited
by a lack of integrative data from a range of different fields.
Even when focusing only on issues with sampling, the
type of research exemplified in the previous paragraph
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aims at measuring subtle patterns of morphological
change in contemporary taxa, whose wild populations
may number in tens, if not hundreds, of thousands of indi-
viduals (or at least they did it until recent and increasingly
rapid declines [Ceballos, Ehrlich, & Dirzo, 2017; Estrada
et al., 2017]). Thus, it seems rather implausible to believe
that their natural variability in micro-evolutionary studies
of geographical differences is adequately represented by
samples of a few dozens or, less frequently, few hundreds
specimens. Although errors due to measurement and sam-
pling must always be assessed in relation to the specific
questions and statistical model, when the questions con-
cerns small differences and crucially depend on accurate
estimates of means, variances and covariances, not only
sophisticated methods but also high density measure-
ments are no easy fix for very large sampling error. In fact,
more variables, as increasingly common in analyses
employing semilandmarks, could inflate differences and
increase the distortion of between group shape relation-
ships (Bookstein, 2019; Cardini, O'Higgins, & Rohlf, 2019).
Again, the problem is neither new nor specific to morpho-
metrics: “Having bucketloads of data only increases the
challenges in producing robust and responsible conclu-
sions. A basic humility when building algorithms is
crucial” (Spiegelhalter, 2019).

Sampling error in samples of one or just a few dozens
of individuals has a strong impact on estimates of means,
variance and covariances (Cardini et al., 2015; Cardini &
Elton, 2007; Polly, 2005). Luckily, average N of 30-40
individuals per group are now typical of many GMM
studies (Cardini et al., 2015). Yet, these investigations
very often include at least some samples with N < 10
(Cardini et al., 2015). In the worst case, a locality or taxon
may be represented by just one or two specimens. Statis-
tics based on such a small sample size are not only highly
inaccurate, but may also lead to overestimates of evolu-
tionary change, because relatively small inter-individual
differences are not “smoothed out” (as it happens in
means from larger samples) and might therefore have a
disproportionate weight on the analysis. For instance,
Marmota bobak was the most distinctive species in our
3D cranial shape PCA analysis of marmots (Cardini,
Thorington Jr, & Polly, 2007), but was fairly similar to other
Euroasiatic species of the subgenus Marmota in all previous
2D studies (Cardini, Hoffmann, & Thorington, 2005, and
references therein). In fact, this incongruence was simply
due to a tiny 3D data sample of just two individuals from
the same locality and year of collection, whose average
behaved like a strong outlier. Thus, in the end, we excluded
this species from the 3D analysis and only included bobak
in the larger samples of the 2D studies.

Sample size heterogeneity across localities or taxa fur-
ther complicates a study design. The problems with




s | WILEY

COMMENTARY

unbalanced samples are clearly mentioned in introduc-
tory statistical textbooks (Lane et al., 2017) and not spe-
cific to GMM. Yet, they are mostly overlooked in
morphometric comparisons of geographical samples and
sometimes “fixed” in studies of clines or ecomorphology
by simply averaging data within localities (Dunn
et al., 2013). Averaging may be a good option to weight
equally all data points across a distributional range, but it
does not solve the problem of heterogeneous N and the
inaccuracies of under-sampled localities. Although one
cannot easily generalize, the conclusion reached in
another paper on sampling error using cranial shape
(Cardini & Elton, 2007) may not be atypical in mammals
and probably other groups: “in samples of less than
30 specimens, the error in the mean shape estimate can
be on average as large as 20-37% of the interspecific dis-
tance between mean shapes of Chlorocebus aethiops and
Chlorocebus mitis, two species that diverged about 8 mil-
lion years ago ... and have profound differences in their
ecology and behavior.” Sensitivity and power analyses
help to better understand these issues, but in many cases
one may simply have to acknowledge the very provi-
sional nature of her/his results, and referees should
check that this is done, not to penalize those who explic-
itly state problems to the advantage of others who might
overlook the large uncertainties of their findings. Misin-
terpretations of and overconfidence in P values might
also lead to misleading conclusions (Smith, 2018), and
this could be even more serious using statistically power-
ful multivariate shape data.

3.2 | Nonindependent museum data
with patchy distribution, allochronic
observations, and scant information?

As anticipated, there are several other problems with
sampling, besides N: spatial resolution may be poor and
data not independent. Hawkins (2012) provides refer-
ences and a thorough discussion on these topics in bio-
geographical analyses, and Stone et al. (2011) discusses
the problem of within species autocorrelation in the
broader context of comparative approaches. We may be
all aware of these issues and the potential ways to miti-
gate their impact, but less often we pay attention to the
precise clues that we might get on serious problems with
the data by carefully checking where and when speci-
mens were collected. The Vancouver Island study cer-
tainly taught me something on this. Morphometric and
more generally anatomical and evolutionary studies on
mammals, and many other groups, often depend on
museum samples (Watanabe, 2019). Working on speci-
mens from collections inevitably implies relying on what
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FIGURE 3 Frequency histograms and kernel density plot
(computed in PAST 2.17c; Hammer et al., 2001) showing the
distribution of the years of collections for the museum specimens in
the samples of the primate cranial database (see main text)

is available. Even if one can afford visiting several
museums to optimize data collection, for many important
and relatively rare groups (the majority, in my experience
on mammals), samples will not be huge and one cannot
be too picky. The preservation status will also have to be
taken into account, which might force users to exclude
damaged specimens or, when possible and accurately
achievable via a validation, include them by estimating
missing landmarks (Arbour & Brown, 2014).

Inevitably, as museum specimens were not collected
ad hoc for the specific aims of future researchers, the dis-
tribution of the data may be patchy and uneven, and in
western museums it might often largely mirror the colo-
nial history of a country. This in fact may not happen
only with museum specimens, as time, funds, ethical
considerations and problems with accessibility of sites
often limits data collection in the wild as well. Neverthe-
less, it is likely that criteria for the collection of museum
specimens have varied over time and especially in the
past may have not been up to modern standards: sam-
pling effort seems to often vary across localities, and the
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specific sites for collecting specimens may be simply a
matter of opportunities and historical contingency.
Besides, museum specimens are generally collected over
a span of many decades, which adds time to spatial
heterogeneity. As an example, Figure 3 shows the distri-
bution of the year of collection for most of the individuals
used in some of the biogeographical studies on primate
cranial variation we published in a variety of journals
(Cardini et al., 2013; Cardini, Jansson, & Elton, 2007,
Dunn et al., 2013), as well as an unpublished sample of
macaques. About % of these specimens have been col-
lected before the beginning of the 60s and, for macaques,
even earlier and mostly before World War II. This
skew in the dates of collection towards the first half of
the 20th century is at least partly due to changes in
ethics and the higher protection status of primates in
the last few decades. Regardless of the reasons, if a
sample composition is heterochronic, there is the risk
of introducing another source of variation, which is
hard to control for, unless one decides to limit the
analysis to specimens collected within a specific short
time span.

In my own work on population variability within spe-
cies or genera, I typically neglected the time dimension of
the data and, as possibly many others, implicitly assumed
that changes in morphology and population structure
over about a century are negligible on an evolutionary
scale. Yet, when for instance we modeled cranial varia-
tion in relation to environmental predictors (Cardini,
Jansson, & Elton, 2007), our predictors came from a mod-
ern database which hardly overlapped with the period of
main collection of the specimens in our sample. Consid-
ering the fast changes that occurred to habitats and the
climate since the beginning of the industrial revolution,
and especially after the end of the World War II, we
might have been naive in assuming that the mismatch
between morphological and environmental datasets was
irrelevant. Besides, we only tried to incorporate spatial
autocorrelation in our models, without accounting for
the potential nonindependence related to the variability
in dates of collection of the different specimens. Most
ecomorphological and geographical studies of the covari-
ation between morphology and the environment, based
on museum samples and especially in large mammals,
likely share similar problems, which are not easy to
address and should be acknowledged as potential sources
of inaccuracy in the results. If, at least for a few taxa,
large samples are available, one might perform randomi-
zation experiments and rarefaction analyses to explore
the robustness of findings in relation to sampling
(Cardini et al., 2013), but the outcome will be to some
extent biased by the composition of the original sample
and certainly cannot solve problems with distributional

gaps or the possible mismatch between morphological
data and environmental covariates.

Museum data (and not only museum data, in fact!)
also contain other potential types of uncertainties. Few
morphometricians are trained taxonomists and real spe-
cialists of a given group. Thus, most of us rely on museum
identifications for taxonomy. A fairly simple expedient to
somewhat reduce taxonomic errors, at least for allopatric
or parapatric populations, is to double check the classifica-
tion by plotting the data against the known distribution
range of that group. This is a time-consuming task and, as
in other cases where precise localities are crucial, a poten-
tially challenging endeavor. Information on localities can
be absent, scant or approximate. Knowing that a specimen
is from South Africa, for instance, helps a little, but does
not allow precise geographical referencing, and old geo-
graphical names require some serious investigative work
to find the modern correspondent. In this respect, the
development of electronic catalogues with detailed infor-
mation and localities, updated by collection managers and
curators, is certainly of very great aid. Nevertheless, many
collections still miss complete electronic catalogues and,
even when a catalogue is available, taxonomy might
change, and big museums cannot constantly keep all their
databases updated.

3.3 | Adults only and issues with sex
There are further layers of complexity behind data com-
monly used in GMM analyses of anatomical variation
across populations and species. Most of these studies use
adults. There are good reasons for this (including the fact
that the majority of museum specimens are adults), but
this bias inevitably leaves out large parts of a more inter-
esting life history. Also, focusing on a specific ontogenetic
stage is important to avoid mixing up factors (say, age,
and geography), but it clearly requires accurate informa-
tion on age, which is typically missing in museum collec-
tions and has, thus, to be estimated. Estimating ontogenetic
stages, of course, involves more uncertainty and potential
errors, with rare exceptions such as, for instance, in holo-
metabolous insects.

Besides assessing age, as most animals, including all
mammals, have separate sexes, one needs to decide
whether to pool females and males or perform “split-sex”
analyses. This second option has the advantage of con-
trolling by design for another source of variability before
comparing groups. However, if N is not huge, it also has
the undesirable consequence of further reducing sample
size. Thus, how to decide what is best? Morphometricians
often first test sex differences (Rohlf, Loy, & Corti, 1996;
Cardini, 2003) and then, based on results of the
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preliminary tests, choose if pooling or not. However,
these tests may be less straightforward to implement and
interpret than thought. Some groups may have too few
specimens of known sex to allow any meaningful test.
Others may be bigger, but still too small for adequate sta-
tistical power. Rarely samples will be fully balanced
between sexes and across geographical samples (be it
populations within a species or different species), and
heterogeneous N makes statistical testing more compli-
cated (e.g., the choice of the type of sum of squares may
impact results; unbalanced discriminant analyses are less
easy to interpret and require a decision on whether to use
weighted or unweighted methods, etc.). Finally, the pat-
tern of sexual dimorphism may vary in magnitude
(i.e., absolute difference in, for instance, size) and direc-
tion (which sex is bigger?) across groups, making it har-
der or impossible to control for the effect of sex on
comparisons.

Indeed, with multiple taxa, one could test sex differ-
ences one group at a time (correcting for multiple testing
and inflated type I errors—e.g., Cardini & Elton, 2008)
or use more powerful sex by taxon (M)ANOVAs
(Cardini, 2003; Frost et al., 2003; Rohlf et al., 1996). All
these tests, however, make assumptions (homogeneity of
variance—covariance, for instance, besides independence
of observations), but these are rarely assessed and often
hard or impossible to verify in small samples. Even when
assumptions are tested (by the way, remember that tests
of assumptions may have their own assumptions!),
results of analyses of sexual dimorphism can be easily
misinterpreted. For instance, a lack of significance may
be indicative of a truly small effect of sex (and, for the
interaction between sex and taxon, of similarity of pat-
terns of sex differences across samples) or it could be just
an issue with low statistical power. Considering estimates
of effect size in these tests (such as R? or its multivariate
extension) is certainly advisable, but these estimates are
themselves affected by sampling.

One might also simply decide whether to pool sexes
based on what is already known from the literature
(Smith, 2018). However, with the exception of cases
where sexual dimorphism is obvious to the point of mak-
ing tests unnecessary, this could produce unreliable con-
clusions for the specific structure under study. This is
because sex differences may vary in magnitude not only
across taxa but also, within a species, among anatomical
regions: for instance, in mammals, the pelvis is almost
always likely to be highly dimorphic, while other struc-
tures might be fairly similar in females and males. Sur-
prisingly, studies are sometimes performed regardless of
sex even when there is evident sexual dimorphism and its
degree varies across taxa. This is generally justified by
arguing that, at least in macroevolutionary analyses, sex

FIGURE 4 Female and male hamadryas baboons: (a) female
to the left and the much bigger male to the right (from https://
commons.wikimedia.org/wiki/File:Ist_was_los_fragt_sich_der_
Mantelpavian_Tiergarten Worms_2011.JPG) and (b,c) female and
male crania in side view (respectively from http://1kai.dokkyomed.
ac.jp/mammal/images/large/papio/DKY_1024L.jpg and http://1kai.
dokkyomed.ac.jp/mammal/images/large/papio/PRI_6441L.jpg)

differences are small compared to variation across taxa,
but this may or may not be true. Alternatively, the prob-
lem of potential sex differences is not discussed and ana-
lyses are done regardless of that. The impact of ignoring
sex differences varies from case to case, but overlooking
it makes results harder to interpret and potentially
flawed. Using an extreme example, consider the average
size or shape of a female and male baboon cranium, a
numerical abstraction that likely has no correspondent in
nature. Males have very long prognathic snouts and are
about twice the size of the short-faced females (Figure 4).
Depending on whether samples are more or less
balanced, and depending on whether the average is
weighted or not, the mean baboon (within locality,
region or population) could be a point halfway an almost
perfectly separated bimodal distribution or something
which is, say, 1/3 female and 2/3 male, if N for females is
half than N for males.

How to control for sex differences in dimorphic struc-
tures is not easily solved by “sex-corrections” either (Frost
et al.,, 2003; Cardini et al., 2013), as briefly anticipated.
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These methods try to account for sex variation by statisti-
cally removing it, so that females and males can be pooled
and N increased. However, the “corrections” make (again)
a number of assumptions: estimates of sample means must
be accurate; the variance—-covariance structure is similar in
females and males; and the pattern of sex differences
should be the same across populations, something gener-
ally tested by the interaction term of an ANOVA model.
None of these assumption is easily tested, unless one has
very large samples, but then probably the researcher does
not need to pool sexes, if dimorphic, and can simply ana-
lyze females and males in parallel, with the advantage of
being able to compare results between them.

3.4 | Flattening 3D objects in 2D

Finally, to conclude this section on data acquisition,
there is at least one other important but largely neglected
problem of many GMM studies, including the large
majority of my own papers on marmots: three-
dimensional structures such as skulls, long bones, most
plant seeds and most arthropod body parts etc. are very
often analyzed using 2D approximations. This simply
means taking flat pictures of a specific view of a structure
and digitizing 2D landmarks on the photos. This
approach dominated the early years of GMM, when tools
for 3D landmarking were uncommon and expensive, but
it is still very popular today (Cardini, 2014; Cardini &
Chiappelli, 2020), because of its simplicity, low costs and
the speed of data collection.

However, in doing approximations of 3D anatomies
using flat pictures, the loss of information is two-fold. First,
the information is strictly dependent on the choice of the
side being photographed. Taking pictures of hemi-mandibles
on the labial side, as in the Vancouver Island marmot study
(Cardini, 2003), the lingual side as well as the anatomical
relationship with the other hemi-mandible, are left out of
the analysis. Similarly, focusing on the midplane outline of
the corpus callosum (Bookstein, Sampson, Connor, &
Streissguth, 2002) in lateral view may accurately capture
that bidimensional contour, but misses all the other aspects
of this 3D nerve tract of the placental brain.

The second type of loss of information in 2D pictures is
due to the fact that the flattening of the third dimension
not only discards some information, but also potentially
introduces a distortion in the relative positions of anatomi-
cal points (Roth, 1993). This happens all the times one
employs landmarks that are not perfectly coplanar and
obviously occurs regardless of whether photos have been
carefully taken to avoid perspective distortions, as a perfect
2D photo is still flat! For instance, landmarks on the zygo-
matic arch of a mammal cranium in side view are on a

different plane compared to landmarks on teeth or the
midplane (Cardini, 2014). Less obviously, but similarly,
landmarks on the various cusps of a cave bear molar
photographed from above are at slightly different heights
(Seetah, Cardini, & Miracle, 2012). Distances between
noncoplanar points are underestimated and shapes inevi-
tably distorted to some degree. The larger the variation in
the height of the planes where different landmarks are
placed, and the smaller the variation in a study, the stronger
the error introduced by the 2D flattening (Cardini, 2014;
Cardini & Chiappelli, 2020).

The 2D to 3D approximation is a remarkably obvious
type of measurement error. Yet, despite being clearly
mentioned in the old GMM literature (Arnqvist &
Martensson, 1998; Roth, 1993), the problem is almost
constantly ignored. Paradoxically, other and likely much
smaller sources of errors, such as landmark digitizing
error, are often carefully tested. As with other problems I
discussed in this article, this lack of attention to poten-
tially inaccurate 2D measurements is even more prob-
lematic in intraspecific studies of small differences. 2D
analyses are not necessarily flawed, as 2D data might still
produce results congruent with 3D ones (Cardini &
Chiappelli, 2020), but seriously omit to consider an
important issue, that should at least be mentioned and
maybe mitigated by a careful selection of landmarks. In
fact, testing the goodness of the 2D to 3D approximation
is relatively easy, as exemplified and discussed by Cardini
and Chiappelli (2020). More generally, this, as well as
other components of measurement error, should be care-
fully considered and assessed in relation to the study
question (Arnqvist & Martensson, 1998; Fruciano, 2016).

4 | METHODS: MULTIVARIATE
SHAPE VARIABLES BEHIND
APPLICATIONS

Most of the discussion up to this point was on data acqui-
sition and its relevance in the context of studies of geo-
graphic variation at microevolutionary level or at the
boundary between micro- and macro-evolution. In this
section, I consider the type of shape variables used in
Procrustes GMM, the most widely employed family of
GMM techniques in biology (Adams et al., 2004).

GMM studies can be subdivided (Rohlf, 1990) in three
main steps, after data acquisition: (a) feature extraction,
which consists in obtaining the morphometric descriptors
(e.g., centroid size and Procrustes shape coordinates);
(b) statistical analysis of the variables obtained in the previ-
ous step (e.g., regressions on geographic coordinates or envi-
ronmental predictors, comparisons of populations using
ANOVAS etc.); (c) visualization of results from the statistical
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analyses. I am here focusing mainly on the first step, feature
extraction using Procrustes methods. I might briefly touch
on a few other aspects, such as specific statistical analyses
or visualization methods, but again this will be in relation
to the implications of the type of shape variables of Procrus-
tes GMM. Thus, as in the first two main sections, the focus
is still on GMM data, but the attention shifts from the mate-
rial commonly used in taxonomic studies and comparisons
of populations and taxa to the peculiarities of the Procrustes
shape coordinates and their main linear combinations,
which are principal components (PCs) and partial warps
(PWs—nhttp://life.bio.sunysb.edu/morph/glossary/gloss2.
html). PCs and PWs use different criteria to rigidly rotate
the axes on which observations are projected. Because these
are rigid rotations that do not alter shape distances in a
sample, if all PCs or all PWs are analyzed, they convey is
exactly the same information as the full matrix of Procrustes
shape coordinates. Informally, when I refer to any of these
types of variables, I might therefore use the general term
“Procrustes shape variables.”

41 | Too few specimens in highly
multivariate morphospaces?

Shape data are, as mentioned, multivariate by definition.
This does not only mean that one has to perform all ana-
lyses using multivariate methods, but also that unfavor-
able ratios between sample size (N) and the number of
variables (p) are not unlikely to occur (Cardini
et al., 2019). For instance, my first study of the Vancouver
Island marmot (Cardini, 2003) was based on a configura-
tion of nine 2D anatomical landmarks and a total of
almost 400 adults. Thus, the overall N/p ratios was
ca. 28, but within species it ranged from 0.2 to 4.4 (average
2.0). Our later intraspecific study on clines in vervet mon-
keys (Cardini, Jansson, & Elton, 2007) employed a set of
86 3D landmarks and an overall sample of more than
300 adult specimens, with N/p ratios of 1.2 in total and
0.5-0.7 within sex. This means that in both studies within
group N was only slightly larger than, or about the same
as, p, and in some cases it was in fact much smaller than
p. Statistical textbooks and introductory papers often sug-
gest to have many more individuals than variables in an
analysis. Sometimes they offer rules of thumbs, such as
N 5-10 times larger than p (Hair, Black, Babin, Ander-
son, & Tatham, 1998; Howell, 2012; Strauss, 2010). How-
ever, there cannot be a rule of thumb for N/p that fits all
situations, and the desirable ratio will be clearly context
dependent (Howell, 2012; Marcoulides & Saunders, 2006;
Strauss, 2010). Also, because of covariance among shape
variables, the effective p might be less than apparent, as
discussed in the context of between group PCA by Cardini

et al. (2019). Nevertheless, as the number of variables in a
study increases, while samples remain relatively small,
one moves further away from a desirable situation and,
even if the method may allow to perform the analysis, the
probability of running into problems becomes progres-
sively higher.

Especially with the use of semilandmarks to “dis-
cretize” curves or surfaces lacking clearly corresponding
anatomical landmarks (Gunz & Mitteroecker, 2013), it is
not unusual to have datasets with more than a thousand
Procrustes shape variables (e.g., p = 2,805; Neubauer
et al., 2018). Common solutions to deal with a large num-
ber of variables and relatively small samples are: excluding
smallest samples; dimensionality reduction; the use of
distance-based resampling statistics in the full shape data
space. None of these remedies is perfect and it has been
shown that unfavorable N/p ratios might produce spurious
patterns in simulated data that only contain random iso-
tropic noise (Bookstein, 2017, 2019; Cardini et al., 2019).
Thus, for instance, a PCA might suggest dominant PCs and
elliptical scatter on PC1-PC2 (e.g., fig. 4c of Cardini, 2019,
but see also Bjorklund, 2019), when scatterplots should in
fact be circular and variance equal across all PCs. With real
data, such as covarying shape coordinates, this issue will be
less pronounced (Bookstein, 2019; Cardini et al.,, 2019).
However, it might still affect analyses to an extent hard to
predict, as the true covariance structure of the data is
unknown and simulations of covariance are inevitably spe-
cific to the type of variation being simulated, as well as the
specific study structure and the landmark/semilandmark
configuration.

Despite these problems, and the fact that studies of
wild populations are rarely based on huge samples, ana-
lyses of large number of landmarks and semilandmarks
have become more common with the development of
user-friendly software (e.g., the TPS Series for 2D land-
marks and semilandmarks; Rohlf, 2015), various GMM R
packages (Adams & Otarola-Castillo, 2013; Schlager, 2017,
etc.). This, together with cheaper instruments for obtaining
3D images, has led to an increase in data dimensionality,
as more points are digitized on curves and surfaces.
Although there is disagreement in the morphometric
community over the pros and cons of using large numbers
of points (for recent discussions, search at https://www.
mail-archive.com/morphmet@morphometrics.org/: semi-
landmarks AND biology), there are certainly many exam-
ples of fruitful use of semilandmark methods and cases
where their application is crucial to answer a specific ques-
tion. For instance, a fragment of fossil cranial vault found
in the sea off the coast of the Netherlands was identified as
a likely Neanderthal by capturing its shape with a dense
set of semilandmarks, as hardly any true landmark was
available on this small piece of bone (Hublin et al., 2009).
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FIGURE 5 Example of application (retrodeformation of a
fossil) of semilandmarks on 3D surfaces (reprinted from Figure 4 of
Schlager, Profico, Vincenzo, & Manzi, 2018, under an open access
license: http://journals.plos.org/plosone/s/licenses-and-copyright)

Semilandmarks may also be crucial in other instances, such
as the computerized reconstruction of fossils (Figure 5;
Gunz, Mitteroecker, Neubauer, Weber, & Bookstein, 2009;
Schlager et al., 2018). However, there are also instances
where using more but less precise points leads to larger
measurement error (Fruciano et al., 2017) and potentially
aggravates the risk of spurious results, because of the altered
pattern of covariance introduced by the superimposition
(see below) as well as, if present, the mathematical treat-
ment of semilandmarks (Cardini, 2019).

The temptation of always include more points to
apparently better capture shape and improve the visuali-
zation is strong, and it is easy to be tricked by a mislead-
ing belief that more always means better. Semilandmarks
may be of real help, and will always produce nicer shape
diagrams, but I know of no single demonstration that
more points equates to increased accuracy (i.e., results
closer to the truth), except if assessed using a tautological
and misleading assumption (Watanabe, 2018) that the
configuration with the largest number of landmarks/
semilandmarks represents the true morphology, regard-
less of the biological meaning of what is measured and its
relationship to the specific study questions. This assump-
tion easily leads, for instance, to the paradox of arbitrarily
ignoring anatomy, with corresponding semilandmarks
potentially ending up on different bones in different indi-
viduals or taxa (Cardini, 2013). Yet, the aim of GMM in
biology is not beautiful pictures or digital art, and parsi-
mony is a crucial aspect of the study design.

Indeed, the most important issue to address, before
any data collection, is what type of information one needs
in relation to the specific study aim: this is not a simple
question and will always imply a degree of arbitrariness,
but it is a crucial one. On this topic, as well as the problem
of “homology” in GMM, I refer the readers to the com-
mentary of Klingenberg (2008) and the careful review of
(Oxnard & O'Higgins, 2009). In general, on the same struc-
ture, depending on the scientific aim, there can be several
different and equally valid configurations of anatomical
points: sometimes one will need more measurements, and
sometimes less; and the specific measurements will vary
with the study question. Practical considerations on sam-
ple size and the type of analysis may also be important, so
that features of interest are adequately captured, but the
impact of unfavorable N/p ratios is reduced.

4.2 | Other “peculiarities” of Procrustes
shape data? Examples of common issues in
analyses and visualization

Another aspect of the analysis of Procrustes shape data,
that must be considered before the statistical analysis and
the visual interpretation of shape diagrams, relates to the
way these variables are obtained, which make them
“peculiar” compared to other types of anatomical mea-
surements. The rescaling and superimposition of land-
marks (and, if present, semilandmarks) to remove
irrelevant positional differences, and separate size and
shape, introduces a degree of covariance in the coordi-
nates of the anatomical points (O'Higgins, 2000, and ref-
erences therein). This means that, even if one simulates
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perfectly circular uncorrelated (isotropic) variation,
shape coordinates after the superimposition will covary
(Rohlf & Slice, 1990). Procrustes is the preferred option to
superimpose landmarks, because of its desirable statisti-
cal properties (Adams et al., 2004). However, like other
types of superimposition based on pure mathematics and
no biological model, Procrustes is biologically arbitrary.
As long as the variables generated by this method are
used all together in multivariate analyses, Procrustes
GMM performs well: at least in simulations using simple
configurations of landmarks, it is clearly superior for
power and accuracy to the main alternative approaches
(Rohlf, 2000a, 2000b, 2003). Nevertheless, the biological
arbitrariness of the superimposition means that univari-
ate analyses of Procrustes shape variables cannot be
meaningfully performed using any of these variables one
at a time (Adams et al., 2011; Rohlf, 1998). Thus, for
instance, in multivariate analyses, coefficients such as PC
loadings or regression coefficients cannot be used with
Procrustes shape data, and variation cannot be inter-
preted at a specific landmark location, as this is also a
function of the choice of superimposition (fig. 9 of
Viscosi & Cardini, 2011, and references therein).

Despite being known since the early days of GMM
(Rohlf, 1998), it is not uncommon to find studies violat-
ing these basic assumptions. On these issues, I will briefly
cite a few papers by other authors using GMM in popula-
tion studies. As anticipated in the introductory section, I
am going to focus on examples of misuse of shape data
without drawing conclusions on whether that might
invalidate an entire analysis. In fact, most of the time, the
problem affects just specific aspects of a much broader
study and their interpretation.

« Use of partial warps one at a time. In a study compar-
ing populations of the South African-endemic rodent
species Otomys saundersiae, Procrustes GMM was
employed along with other approaches for integrative
taxonomy (Taylor, Kumirai, & Contrafatto, 2007).
Shape variation in dorsal crania was explored both in
relation to size (i.e., allometric shape) and geography.
For allometry, although the main regression model
was multivariate, and thus correctly employed all
shape variables, scatterplots of univariate regressions
of selected PWs onto cranial size were shown, together
with a table with univariate regressions of each PW
onto size. Neither the scatterplots nor the univariate
regressions should have been there for the reasons
explained in detail by Rohlf (1998). Briefly, the crite-
rion used to rotate Procrustes shape data in order to
compute PWs is minimum bending energy (http://life.
bio.sunysb.edu/morph/glossary/gloss1.html), which is
a quantity used to compute smooth deformation

grids using a function (thin plate spline or TPS;
Bookstein, 1989) borrowed from studies on the physi-
cal properties of thin metal sheets. This method is cer-
tainly good for “surface interpolation for computer
graphics and computer-aided design” (http://life.bio.
sunysb.edu/morph/glossary/gloss2.html), but it is clearly
not based on biological insight. Thus, the selection of spe-
cific PWs, and any analyses using subsets of these vari-
ables, is unlikely to ever make sense in biological and
anatomical studies.

Use of one PC at a time and/or stepwise selection of PCs.
Bearing in mind the caveats about highly dimensional
shape spaces in relation to N and the effect of the super-
imposition, PCs can be used to summarize shape,
because they maximize sample variance (which is a bio-
logically interesting quantity, unlike PWs bending
energy). Besides producing useful scatterplots, by carving
out an appropriate subspace of the total Procrustes shape
space, a PCA could serve for dimensionality reduction.
For instance, one could use all PCs from PC1 to the i-th
PC, with the i-th PC selected so that shape distances in
the reduced space are almost the same as in the full Pro-
crustes shape space. However, PCs too must be used with
some caution. To start, the subspace of the first i-th PCs
could be a very good summary of the total shape space
and yet miss important information within groups. Also,
because the rotation of PCs is sample-dependent, a small
change in sample composition could significantly alter
the orientation of the PCs, with potentially strong impact
on any analysis performed one PC at a time (Adams
et al., 2011). In general, as shape is by definition multi-
variate, the directions of most interesting variation
(e.g., in relation to sex, population, geography, environ-
mental variables etc.) may not align well with any PCs
and therefore it is better to avoid univariate analyses of
PCs (Bar&iovd, Sumbera, & Burda, 2009), as well as
stepwise selection of PCs in discriminant analyses
(Dapporto, 2008). This does not mean that a specific PC
never captures important and interpretable aspects of
shape variation, but, if one is looking for the direction of
covariation with other factors (age, sex or taxonomic
groups; environmental or genetic covariates, etc.), other
methods will likely produce more accurate summaries of
shape differences in relation to those factors. For
instance, in ontogenetic studies within a species, PC1
often covaries strongly with size and is thus considered
the main allometric axis. This may be true but a better
approximation is almost certainly obtained by using
a multivariate regression of all shape variables onto
size (with different proxies for size depending on the
context—Hallgrimsson et al., 2019), as this will cap-
ture the direction of largest covariance with size and
may potentially incorporate curvilinearities in the
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allometric trajectory (Mitteroecker, Gunz, &
Bookstein, 2005).

“Recycling” a single dominant direction of variation in
other analyses. This is an issue that may involve a vari-
ety of methods, where first a vector capturing specific
aspects of shape variation is computed and then its
scores are reused in another analysis. For instance,
when PC1 dominates the pattern of variance in the
data, it is tempting to use only this axis and perform
simple univariate analyses. As an example, one could
plot and explore the covariation of shape using PC1 in
relation to latitude (Milne & O'Higgins, 2002). How-
ever, PC1 might have been stretched by a few distinc-
tive observations, and thus poorly represent variation
among more similar individuals or taxa in the sample.
Even more importantly, as already mentioned, PCs are
optimized to summarize variance regardless of any
other factor and, therefore, are not the best axes to cap-
ture covariation with other variables. To this aim,
alternative methods may be better, such as multivari-
ate regressions (Cardini, Jansson, & Elton, 2007), PLS
(Monteiro, Duarte, & Reis, 2003), and so on. For simi-
lar reasons, first extracting an axis that best discrimi-
nates groups, such as that of the first discriminant or
canonical variate function, and then using it in further
analyses in relation to other factors (e.g., latitude, as in
Renaud & Michaux, 2003) may not be an optimal
choice. It might be better to analyze the multivariate
group means in relation to the predictor or to build a
model where the covariation of shape with latitude, or
other factors, is assessed by simultaneously taking into
account group structure. In the specific case of discrim-
inant/canonical variate analysis, a most common tool
in studies of biological populations, one should also
consider that this type of analysis modifies the similar-
ity relationships in the shape space in a way that tends
to overfit the data (Kovarovic, Aiello, Cardini, &
Lockwood, 2011). This problem becomes more pro-
nounced using small samples in highly dimensional
data spaces (Kovarovic et al., 2011) and is potentially
aggravated by strongly unbalanced samples and
heteroscedasticity (Albrecht, 1992). In fact, as recently
shown (Bookstein, 2019; Cardini et al., 2019), even the
main alternative method used to summarize group dif-
ferences in Procrustes shape data, a between group
PCA, is plagued by a potential inflation of group sepa-
ration when p is very large relative to N. With between
group PCA, the problem is potentially aggravated by the
lack of computational constraints (unlike in discrimi-
nant/canonical variate analysis, where N must be larger
than p - g, where g is the number of groups), which
allows its application even when p >> N.

« Allometry and “size-correction.” Allometry concerns

the covariation of shape with size (Klingenberg, 2016;
Hallgrimsson et al., 2019). It is often of interest in itself,
as when one estimates the allometric trajectory in a
sample using, for instance, a multivariate regression of
all shape variables on the centroid size of the landmark
configuration (in fact, although centroid size is almost
the default option in Procrustean GMM, the choice of
the specific size covariate for testing allometry is not
trivial and must relate to the specific study questions;
Hallgrimsson et al., 2019). However, allometry is also
frequently seen as a confounding factor to control for by
regressing out size-related shape in order to obtain
“size-corrected” residuals for further analyses. When
allometric shape is of interest, two common problems
are: (a) estimating the allometric trajectories regardless
of potential group structure; (b) reusing the allometric
vector in other analyses. This second issue (e.g., using
allometric regression scores (Maestri et al., 2016) or
using PC1 of the form space (Perez, Diniz-Filho,
Bernal, & Gonzalez, 2010) in further analyses) is
another case of suboptimally recycling a dominant uni-
variate direction of shape change. As I pointed out in
the previous two paragraphs, this is likely to lead, at
best, to a poor approximation, that misses out important
variation in the multivariate shape in relation to factors
others than the single one used to obtain that main axis.
The first issue (a), which is not specific to shape data, is
well known in the context of the analysis of covariance
(Howell, 2012). Before controlling for the effect of a
covariate such as size (e.g., using “size-corrected”
regression residuals; Klingenberg, 2016), one should
first test if all groups share a common allometric pat-
tern. This requires demonstrating that the slopes of the
group-specific allometric vectors are similar. Only in
this case, one can confidently apply the same model to
all groups, and across their entire range of sizes, to con-
trol for the covariate (Sheets & Zelditch, 2013). Testing
for a common slope of shape trajectories can be done
with a multivariate analysis of covariance including the
interaction between groups and the covariate or by test-
ing for significant differences in vector angles between
groups (Sheets & Zelditch, 2013). Resampling methods
are available that allow to perform tests even with tiny
samples. However, especially when within-group size
variation is modest, as typical of studies of adult mam-
mals and birds, accurate estimates of allometric slopes
will likely be very inaccurate (Cardini & Elton, 2007)
and P values potentially misleading if not interpreted
with caution (e.g., suggesting nonsignificance and thus
parallel allometries simply because of low power in very
small samples or suggesting a significant interaction
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because of just one or a few samples having divergent
trajectories).

« “Moving” landmarks. As anticipated, because coeffi-
cients cannot be interpreted using Procrustes shape
coordinates, as one would do in traditional morpho-
metrics, results of shape analyses must be visualized
using shape diagrams (Klingenberg, 2013). Figures 2
and 5 provide examples of respectively 2D and 3D ren-
dering of outlines and surfaces as a tool to show shape
differences. With some of the shape diagrams, how-
ever, it is easy to be mislead, as it often happens when
a starting shape is morphed into a target, with the two
shapes shown one superimposed on top of the other.
This is equivalent to using displacement vectors to
illustrate the position of each landmarks in the target
relative to the starting shape (fig. 9 of Viscosi &
Cardini, 2011). It is an approach that easily gives the
impression that one or the other landmark is moving
forward, backward, up or down, relative to the same
landmark in the other shape (Barc¢iova et al., 2009). In
fact, it is the whole space, whose boundaries are mar-
ked by the entire configuration of anatomical points,
that changes (widening, narrowing, warping and bend-
ing etc.). This risk of misinterpreting shape differences
is, nevertheless, easily avoided by either plotting the
starting and target shape one next to the other (instead
of superimposed) or by using TPS grids.

In conclusion, GMM has some peculiarities in rela-
tion to the intrinsically multivariate nature of shape and,
for Procrustes methods, to the biological arbitrariness of
the superimposition. Problems can range from aspects
related to the oversimplification of multivariate shape
data (such as restricting analyses to a single dimension of
shape variation or neglecting group structures in allome-
try) to those specific to the type of shape variables
(e.g., the misuse of PWs) or the misinterpretation of
shape diagrams. Most of these potential issues, however,
become nonproblems, as soon as one recognizes and thus
avoids them.

5 | BACKTO THE FIRST
QUESTION: DID I GET “COOL”
RESULTS ... BECAUSE OF

BAD DATA?

As some of its founding fathers had forecast (Rohlf &
Marcus, 1993), GMM, and in particular methods based on
Procrustes, has been revolutionary in the field of quantita-
tive morphological analyses. The relative simplicity of the
principles behind these techniques, that simply require
digitizing corresponding anatomical points to measure

differences, have made them highly popular (Adams
et al., 2004). Their flexibility has also made GMM an ideal
tool for multidisciplinary studies, where it is easily com-
bined with genetic data for evo-devo and phenomic ana-
lyses, macroevolutionary studies, integrative taxonomy,
phylogeography, biomechanics, etc. This progresses have
been accompanied by similar advances in other fields. The
“R revolution” (Tippmann, 2015), as well as the develop-
ment of user-friendly software, has also greatly contributed
to the success of new, more accurate and potentially more
powerful analytical tools and methodology in the biological
sciences. Unfortunately, this might have also led us to pay
less attention to the quality of the data we analyze and the
assumptions of the methods we use.

Data may be “bad” despite the best efforts of a scien-
tist: samples may be small and heterogeneous even after
the most extensive data collection; specimens may cluster
locally and be heterochronic across localities; there could
be gaps in the distribution, inadequate spatial resolution
for the level of the analysis and uneven sampling over a
large range; pictures may be taken with the uttermost care
and yet large errors be introduced by excessive flattening
of the third dimensions in 3D objects; there could taxo-
nomic misidentification; “corrections” for sex differences
or allometric variation may be inaccurate; a large number
of variables, together with potentially useful information,
could bring a lot of noise in the analysis of small samples;
dimensionality reduction of multivariate shape data could
lead to oversimplification, miss a lot of important details
or even be just wrong, as in univariate analyses of PWs.

All these potential issues might give the impression of
a pessimistic picture of an otherwise successful field, but I
do not see it as such. In terms of samples, a main focus of
this commentary, this is most of the time a realistic sce-
nario, which is especially true for microevolutionary ana-
lyses dealing with small variation, as in the majority of
GMM studies focusing on population differences. It might
be that sometimes a study is simply not feasible, because
of too many potential sources of inaccuracies in the data
themselves. However, most of the time, it is more likely
that a scientist will be able to go on with his/her analysis,
but might do so with a deeper awareness of the potential
issues, and thus avoid obvious pitfalls. Problems will have
to be acknowledged and results might turn out to be pre-
liminary, but still important if new or from a poorly stud-
ied group. Thus, unless multiple lines of evidence are used
and the approach is truly integrative and based on strong
biological foundations, GMM will provide useful and
potentially very interesting information, but will offer an
inevitably partial view of the matter and one which is
unlikely to produce conclusive results: hence, for instance,
it should not be used on its own to establish new species
or subspecies in living taxa, as well as it should not be the
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exclusive source of data for assessing modularity and inte-
gration in anatomical structures.

I have often heard colleagues saying: this is all I could
get and thus I have to live and work with it. It may well
be true, but certainly it does not prevent to state clearly
the limitations of a study. This is something that should
be positively considered by reviewers and editors, and
not swept under the carpet by arguing that the paper
might look apologetic and be weakened. In this respect,
it does seem that there is a tension in the scientific litera-
ture between the pros and cons of different ways of pre-
senting results in a paper. In the same Career Feature in
Nature (Gewin, 2018), one contributor suggested to avoid
“writing that sounds defensive, with too many caveats ...
as if ... to fend off criticism” (p. 129), whereas another
said that “authors should avoid being over-confident in
their conclusions ... [and by] making clear how robust
their findings are, they must convince readers that the-
y've considered alternative explanations” (p. 130). With
whom I personally side is as obvious as unimportant. I
leave, however, to the readers to decide which view
might be more consistent with the preoccupations,
expressed by many researchers, of a reproducibility crisis
emerging in numerous branches of biology, medicine
and other fields of science (Allison, Shiffrin, &
Stodden, 2018).

Whereas we could dwell on this much more, the main
point is clear: even the most accurate methods, cannot
give the right answer, if they are applied to poor quality
data or the wrong type of variables. Technological and
methodological advances are fundamental for scientific
progress, but good data are even more crucial
(Spiegelhalter, 2019). This is self-evident, and yet we
seem to be going in a different direction. Often, even
highly desirable multidisciplinary studies are com-
partimentalized between specialists of methods, who
know or care little about the data they are given, and data
collectors, who in turn might overestimate the “magic”
that sophisticated numerical analyses might do on their
precious samples and measurements. In fact, as data
sharing and public depositories become more common
(which is definitely good news for science), the gap
between methodological wizards and data analysts and
the material and measurements they work on is likely to
become wider, with potential flaws that will be hard to
detect. This trend of increasing emphasis on complex
analytical tools probably also explains why it has become
increasingly common to have papers reviewed only by
experts on methods without anyone looking properly into
the biology and data behind a study.

Finally, I have not yet answered the question that
opened this paper: did I get it right with my small sample of
Vancouver Island marmot hard-tissue data, and this

population is really unique, or did I pick up the “Addams
family” of marmots (Figure 2)? This question troubled me
until a Canadian palaeontologist suggested a follow up of
the mandibular analysis on a much larger sample of both
modern and subfossil specimens. I readily accepted. Finally
I had a chance to find out the (we hope) truth about my
original tiny sample of likely nonindependent and simple
2D observations. And, luckily (very luckily!), I seem to have
got it right: 2D is a good approximation for three-
dimensional but fairly flat hemi-mandible (Cardini, 2014),
and the Vancouver Island marmot has indeed a truly dis-
tinctive mandibular shape, consistently found, across sam-
ples from different periods and localities, for at least the last
few thousand years (Nagorsen & Cardini, 2009). The magni-
tude of the differences, and their apparently fairly ancient
origin, fits well with the recent analysis of multiple molecu-
lar markers (Kerhoulas et al., 2015) indicating that the evo-
lutionary history of M. vancouverensis is longer and more
complex than inferred two decades ago using a single mito-
chondrial gene (Steppan et al., 1999). The Vancouver Island
marmot probably represents a reproductively incompletely
isolated, but rapidly diverging, monophyletic lineage within
a larger continental clade of hoary marmots (Kerhoulas
et al., 2015). Despite incomplete isolation, the new genetic
data, together with a variety of morphological and behav-
ioral autoapomorphies, makes M. vancouverensis even more
precious as an evolutionary significant unit and conserva-
tion target (Cardini et al., 2009).

Is this the end of story? Certainly not. In fact, even the
larger sample we analyzed in 20009 is still fairly small, with
gaps and discontinuities across the distribution range and
time span we sampled. Yet, the strong congruence of the
data makes me feel more optimistic that we are on the
right track. It may be hard to largely improve N in such a
rare island endemism, but I do dream of massively sam-
pling 2D data on marmot mandibles in North America,
and maybe the Palaearctic as well, to more accurately
explore patterns of phenotypic variation in this genus of
large cold-adapted mammals, whose demography and
chances of survival are being altered by direct anthropo-
genic pressures and global warming (Armitage, 2013). I won-
der whether this extensive sampling could be achieved
by networking with as many museums as possible and by
crowd-sourcing data collection. This is indeed one of the
potential strengths of GMM: large groups of scientists can
easily collect standardized 2D or 3D images, geo-reference
specimens through space and time, share the data and use
them to provide low-cost but truly huge samples on which
to apply modern GMM. In fact, as museums go on digitizing
collections, including images of specimens (e.g., https://
www.idigbio.org/, https://dissco.eu/, http://dmm.pri.kyoto-
u.ac.jp/dmm/WebGallery/index.html), this type of data may
become an extraordinary source of eco-morphological,
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taxonomic and biogeographical information to quantify
trends in space and time, with some groups and structures,
such as insect wings and flat plant leaves, especially suited
for the purpose. Then, good data, behind clever analyses
and cool results, might indeed be round the corner.
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