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Abstract

In the context of geometric morphometric analyses of modularity and integration using Procrustes methods, some researchers
have recently claimed that “high-density geometric morphometric data exceed the traditional landmark-based methods in
the characterization of morphology and allow more nuanced comparisons across disparate taxa” and also that, using “high-
density” data (i.e., with dozens or hundreds of semilandmarks), “potential issues [with tests of modularity and integration]
are unlikely to obscure genuine biological signal”. I show that the first claim is invalidly tautological and, therefore, flawed,
while the second one is a speculation. “High-density” geometric morphometrics is a potentially useful tool for the quanti-
fication of continuous morphological variation in evolutionary biology, but cannot be said to represent absolute accuracy,
simply because more measurements increase information, but do not by default imply that this information is accurate.
Semilandmarks are an analytical expedient to break the continuity of regions devoid of clearly corresponding landmarks,
but the shape variables which they generate are a function of the specific choice of the placement and possible mathematical
manipulation of these points. Not only there are infinite ways of splitting a curve or surface into discrete points, but also none
of the methods to slide the semilandmarks increases the accuracy of their mapping onto the underlying biological homology:
indeed, none of them is based on a biological model, and the assumption of universal equivalence between geometric and
biological correspondence is unverified, if at all verifiable. Besides, in the specific context of modularity and integration
using Procrustes geometric morphometrics, the limited number of scenarios simulated until now may provide interesting
clues, but do not yet allow strong statements and clear generalizations. The Procrustes superimposition does alter the ‘true’
covariance structure of the data and sliding semilandmarks further contributes to this change. Although we hope that this
might only add a negligible source of inaccuracy, and simulations using landmarks (but no semilandmarks yet) suggest that
this might be the case, it is too early to confidently share the view, expressed by the promoters of high-density methods,
that this is “Not-Really-a-Problem”. The evidence is very preliminary and the dichotomy may not be this simple, with the
magnitude (from negligible to large) and direction (inflation of modularity, integration, or both) of a potential bias in the
tests likely to vary in ways specific to the data being analysed. We need more studies that provide robust and generalizable
evidence, without indulging in invalid tautology and over-interpretation. With both landmarks and semilandmarks, what is
measured should be functional to the specific hypothesis and we should be clear on where the treatment of the data is pure
mathematics and where there is a biological model that supports the maths.
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Fig. 1 Semilandmarks on curves (red) and surfaces (blue) before (a)
and after (b) sliding: arrows show the positions of the slid semilan-
dmarks relative to the original unslid ones: on the frontal bone, they
clearly shift in a consistent direction, suggesting directionality in the

bone or an insect wing) using a set of anatomical points
(called landmarks) with a precise one-to-one correspond-
ence across all individuals and taxa. This correspondence,
which is often called “homology”, establishes the ana-
tomical and evolutionary equivalence of the traits being
measured (Klingenberg 2008). After landmarking, size
and meaningless positional differences are ‘standardized’
using a least-squares procedure called generalized Pro-
crustes analysis (GPA) or simply Procrustes superimposi-
tion (Rohlf and Slice 1990; Adams et al. 2013). The GPA
allows us to numerically describe morphology in terms of
the geometry captured by a specific set of landmarks, and
therefore, this method belongs to a larger family of geo-
metric morphometric techniques (Rohlf and Marcus 1993).

Using semilandmarks (Gunz and Mitteroecker 2013),
Procrustes GMM has been extended to the analysis of
curves and surfaces. Semilandmarks are simply points
placed on curves (e.g., along a suture) or surfaces (e.g.,
the cranial vault) to obtain shape coordinates in regions
lacking precise landmarks. The number, density, and posi-
tions of the semilandmarks can be optimized, but they
are fundamentally arbitrarily decided by an operator or
an algorithm. In particular, it is a customary procedure to
slide semilandmarks (as exemplified in Fig. 1) to math-
ematically improve (without any biological model behind
the numerical manipulation) the topographic correspond-
ence of these points (DeQuardo et al. 1996). Finally, the
matrix of landmark and semilandmark shape coordinates,
taken all together, is analysed using multivariate statistics.
Because of the lack of clear anatomical correspondence,
and the large number of semilandmarks used in this type
of analyses, these applications have been sometimes called
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covariance introduced by sliding (reprinted from Fig. 3 of (Gunz and
Mitteroecker 2013) under a Creative Commons Attribution-NonCom-
mercial-ShareAlike 3.0 Italy License)

“homology free” approaches (Polly 2008a) or “high-den-
sity” GMM (Goswami et al. 2019).

Procrustes GMM and its “high-density” extensions make
important assumptions that require a specific attention in
both the statistical analyses, as well as in the interpretation
and visualization of results (O’Higgins 2000; Klingenberg
2008, 2013; Viscosi and Cardini 2011). Violations of these
assumptions produce inaccuracies that can range from mis-
interpretations of shape differences (Viscosi and Cardini
2011; Klingenberg 2013) and serious analytical artifacts in
phylogenetic applications (Rohlf 1998; Adams et al. 2011)
to more recently discovered (Cardini 2019) and less well-
understood spurious results and uncertainties in some of the
commonly used tests of modularity and integration (TEMI).
Besides, and somewhat unsurprisingly, having very large
numbers of variables relative to sample size, as common
in “high-density” GMM, can create other potential issues
with subsequent applications of particular statistical analy-
ses. These are not specific to GMM and include, for instance,
fairly simple ordination methods, such as canonical variate
analysis (Kovarovic et al. 2011) and principal component
analysis (Bookstein 2017; Cardini et al. 2019), in which
patterns of shape variation can be distorted or inflated. As
with TEMI, the degree of inflation of differences might vary
from negligible to large or even completely spurious, but it
is never good news: as pointed out by Cardini et al. (2019),
in relation to the problems with between-group principal
component analyses, “showing a consistent spurious degree
of separation between groups is not a promising property
for a method that was proposed to analyze data with large
numbers of variables [i.e., ‘big data’ in genetics and mor-
phometrics] and small samples”.



Zoomorphology (2020) 139:513-529

515

In this context, the points I am going to discuss are broad
and of general interests for scientists whose aim is an accu-
rate quantification of phenotypic variation in biological
forms: as a reviewer pointed out, “the paper could have been
written and would be a valuable contribution even without
Goswami et al. (2019) [see below] to structure its content”.
Nevertheless, it is a fact that my main inspiration came from
a specific paper (Goswami et al. (2019), henceforth, for brev-
ity, referred to as G19) entitled “High-Density Morphomet-
ric Analysis of Shape and Integration: The Good, the Bad,
and the Not-Really-a-Problem”. G19 was, in turn, largely
prompted by my recent article (Cardini 2019) on spurious
results in Procrustes shape coordinates from random iso-
tropic data analysed using ‘within a configuration’ meth-
ods for testing modularity and integration. From there, the
authors broadened their scope to conclude not only that the
issues I found may be negligible in semilandmark data, but
that, in fact, high density is the tool to achieve accuracy in
modern morphometrics. Thus, they simulated data with dif-
ferent numbers of landmarks and patterns of covariance, and
demonstrated that there are, indeed, potential issues related
to how the Procrustes superimposition alters the patterns
of variance and covariance (“The Bad”), but they span a
range of severity (from negligible to serious). However,
they also explored if, in general, high-density data provide
a more accurate description of morphological variation,
and reported that this is, indeed, the case (“The Good” in
the title of the paper), making them ‘superior’ to landmark
data (p. 669, “exceed traditional landmark-based methods
in characterization of morphology”—here and elsewhere, 1
use italics to stress important points). Finally, because the
number of anatomical points used to measure form does not
seem to have a strong impact on TEMI and because real data
are unlikely to have the type of strong directional covaria-
tion that increases the severity of the errors in the tests, they
stated that “these potential issues are unlikely to obscure
genuine biological signal” (p. 669). This, therefore, means
that the altered pattern of variance and covariance in Pro-
crustes GMM is “Not-Really-a-Problem” and we can go on
safely with the “high-density morphometric approaches ...
immense potential to propel a new class of studies of com-
parative morphology and phenotypic integration” (G19, p.
669).

I found several interesting results in G19, but also major
flaws, which risk to exacerbate an already existing trend
towards misinterpretation, overstatement, and abuse of,
otherwise, useful techniques. Accordingly, I organized the
paper in terms of what I see as: ‘The Good’ (i.e., simula-
tions and new analyses exploring the issue with TEMI); ‘The
Bad’ (i.e., circular reasoning, or invalid tautology, in demon-
strating the ‘superiority’ of “high-density” data); and ‘The
not-so-accurate’ (i.e., inaccurate representations of issues,
as well as overstatements). Nevertheless, my criticisms on

circular reasoning and inaccuracies in describing what meth-
ods can or cannot do are broader (and do not only concern
G19): invalid (i.e., based on wrong premises) tautology
(https://www.merriam-webster.com/dictionary/tautology: “a
statement that is true by virtue of its logical form alone”) has
no place in morphometrics and more generally in science;
thus, and more specifically, methodological advancements
and analytical solutions cannot be ‘biology-free’ in evolu-
tionary studies (Klingenberg 2008; Oxnard and O’Higgins
2009).

‘The Good’: new simulations and more
attention to the problem

I start briefly with ‘The Good’, in my view. The simula-
tion by G19 is intriguing, although I confess that my under-
standing of what was done is limited and I cannot assess the
accuracy and, more importantly, the generalizability of the
conclusions. It seems to me that the reality of the issues dis-
covered by my study (Cardini 2019) is confirmed: the covar-
iance introduced by the Procrustes superimposition can lead
to spurious results in testing integration and modularity (for
instance, increasing false positives when modules are not
re-superimposed within a configuration). However, G19's
results suggest that highly variable directions in patterns of
covariance across landmarks (as expected for real biologi-
cal data) might moderate the effect of the superimposition
and allow the correct inference of modules. In fact, more
accurately, as a referee pointed out: “both papers showed
that sometimes the effect [of the inaccuracies caused by
the superimposition] is severe, sometimes it is not. ...[G19
suggests that the problem might be] most severe when the
configuration of landmarks and the direction of their vari-
ation has a strong effect on the ... location of the centroid
... an effect ... independent of the number of landmarks,
but highly dependent on the overall shape of the object and
the pattern of covariation ... [Because uniformly] increasing
the density of semilandmarks does not necessarily affect the
position of the centroid point nor the pattern of directional
variation [which may be strongly dependent on the land-
marks to which they are anchored] ..., higher density will
not normally fix the problem. Furthermore, if the density is
increased in some areas more than others, it could exacerbate
the problem if the increase is near landmarks that contribute
strongly to centroid position”. Therefore, although G19's
findings look promising, they do not indicate that we can
be confident about a negligible impact on TEMI and it is
probably premature (based on a relatively small set of simu-
lations, using simple made-up configurations with just two
modules and apparently equal numbers of landmarks within
each of the two modules) to generalize and conclude that the
“Procrustes superimposition does not mislead analyses of
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integration in biologically realistic scenarios ... regardless
of number of landmarks or semilandmarks” (p. 680, G19).

There is certainly a need for more work and some ques-
tions are potentially unanswered. I am not sure, for instance,
that, besides exploring whether simulated modules are cor-
rectly retrieved in the analysis, G19 quantified the magnitude
of the distortion of the real pattern: one could approximate
the answer regarding whether modules are present or not, but
not be able to accurately estimate the strength of modular-
ity (or integration). Among other factors, which can affect
results, there might be how many modules are described
(with alternative schemes being differentially impacted by
the superimposition), as well as the heterogeneity in the
number, density, and types of points within each module
(plus, as suggested by a referee, the relative number and
distribution of the landmarks to which semilandmarks are
anchored). Also, the recoverability of modules seemed unaf-
fected by the number of landmarks in G19, but sliding was
not simulated and this may be important (see below).

That, in the third and last set of analyses on real sam-
ples (G19), TEMI produced congruent results regardless of
whether using only landmarks or also including semiland-
marks sounds reassuring, but we do not know the real covar-
iance structure of those data and at best one could argue that
this suggests precision [“the way in which repeated observa-
tions conform to themselves” (Kendall et al. 1957)], but does
not say much about accuracy (closeness to the truth). Sliding
of semilandmarks adds a layer of complexity, because it not
only alters the covariance structure of the data by align-
ing the specimens in a sample as in a standard GPA, but
also because it moves the semilandmarks to mathematically
increase their correspondence, thus further contributing to
the alteration of the pattern of variances and covariances
(Cardini et al. 2019, and references therein). As mentioned,
regardless of arguments about differences and more or less
desirable properties of the different approaches to sliding
(Perez et al. 2006; Gunz and Mitteroecker 2013), the choice
of the mathematical treatment of the semilandmarks is arbi-
trary, and, in fact, even the decision to slide is optional.
Indeed, this operation maximizes the topographic corre-
spondence of semilandmarks, but the two most common
sliding methods (DeQuardo et al. 1996) minimize either the
sum of squared shape distances or bending energy (https://
life.bio.sunysb.edu/morph/glossary/gloss1.html: “a meta-
phor borrowed for use in morphometrics from the mechanics
of thin metal plates”), with none of these quantities having
any obvious biological meaning. How much these choices
matter in terms of variance—covariance patterns is eas-
ily seen by comparing variance—covariance matrices with
unslid GPA data, slid data using the minimum Procrustes
distance approach or slid by minimizing bending energy,
as well as, often, by simply looking at the differences in the
scatter of superimposed configurations, as in Figs. 2, 3, as
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well as in Fig. 3 of (Perez et al. 2006) and Fig. 2 of (Car-
dini 2019). Yet, despite the weaknesses of G19's assertions
about the value of high-density semilandmark schemes, their
simulations provide useful insights to factors that contribute
to covariance artifacts during Procrustes superimposition.
Indeed, it is important that morphometricians are beginning
to pay more attention to problems with TEMI, which, above
all, was the main message of my 2019 paper (p. 102), with
its ““... exploratory nature, ... limited number of tests exam-
ined and ... main focus on type I errors, and therefore the
need of further in depth research considering a large variety
of scenarios”.

Thus, going back to the observation that patterns of
modularity in real datasets were similar when tested using
reduced and “high-density” configurations (G19), although
I call this precision, it is an interesting result. On this, G19
makes some contradictory statements (see the end of the
second to the last section of this paper), but, in reality, their
results seem largely in agreement with my observations
(Cardini 2019), and our interpretations, although different,
are not necessarily mutually exclusive. In terms of the con-
gruence of results from landmark-only and “high-density”
data, for instance, G19 finds that this result further motivates
users to employ “high-density” data. In contrast, I am reas-
sured that, using a presumably well-designed configuration,
one may need many less variables to achieve about the same
conclusion as with ‘big data’. A good agreement between
smaller and much larger landmark datasets has been found
by others, such as a QTL analysis (Navarro and Maga 2016)
that discovered 23 loci using 13 landmarks and almost 600
semilandmarks on the mouse mandible, but managed to
detect 19 of them even including only those 13 landmarks.
In a probably more balanced conclusion than in many papers
using ‘big data’, the authors of this study stated (p. 1153): “It
appears that finer phenotypic characterization of the man-
dibular shape with 3D landmarks, along with higher density
genotyping, yields better insights into the genetic architec-
ture of mandibular development. Most of the main variation
is, nonetheless, preferentially embedded in the natural 2D
plane of the hemi-mandible, reinforcing the results of ear-
lier influential investigations”, with those earlier investiga-
tions using about 2% of the total number of shape variables
employed in the “high-density” study.

‘The Bad’: tautology does not demonstrate
accuracy of “high-density” data

Flawed assumption and flawed conclusions

I will now focus mostly on “The Bad’, which is where I am

in disagreement with the authors of G19. The approach of
(Watanabe 2018) (henceforth, abbreviated as W18), followed
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Fig.2 Semilandmarks on a sample of crania slid using the mini-
mum bending energy criterion (a) or the one minimizing Procrustes
shape distances (b). The figure clearly shows differences due to the
impact on covariance of the choice of treatment of semilandmarks

by G19, is an invalid tautology: they judge the accuracy of
less dense configurations using the most dense dataset as the
reference for the comparison, but there is no demonstration
in the first place that the highest density equates with accu-
racy, which is as nonsensical as arguing that measuring more
is always better, regardless of what I measure and why. That
inevitably makes results and conclusions, based on flawed
epistemological premises, misleading, and inaccurate. More
precisely, the misleading idea is to decide the appropriate
number of landmarks (and/or semilandmarks) based on the
assessment of the correspondence between similarity rela-
tionships calculated using the full “high-density” landmark
configuration compared to its random subsets, which are
reduced configurations made of randomly selected points
from the full configuration. Thus, (p. 673) they use a “func-
tion [that] generates a sampling curve ..., where a plateau in
the curve signifies stationarity in characterization of shape
variation and fewer landmarks than the plateau indicates
inadequate characterization”. With this, they arrive at the
conclusion that “semilandmarks provide far more compre-
hensive, as well as accurate, characterizations of morpho-
logical variation than analysis of landmarks alone” (p. 681).

It seems convincing at first that covering all anatomi-
cal regions with points, getting measurements out of them,
and, maybe, optimizing their number using W18 provides

using functions which are elegant mathematics but have no biological
model behind (reprinted from Fig. 5 of (Gunz and Mitteroecker 2013)
under a Creative Commons Attribution-NonCommercial-ShareAlike
3.0 Italy License)

a better quantification of form. Unfortunately, if a reader
thinks carefully about what was done, the invalid tautology
becomes obvious: it is logically flawed to argue for how
many landmarks/semilandmarks one needs for absolute
accuracy (“characterization” or sampling of “morphology”
in the authors’ words), after one has already and arbitrarily
decided that the full configuration (i.e., the one with the
highest number of points) is the most accurate. But can we
be sure about this? Indeed, do we really know that the “high-
est density” configuration, used to decide if more or less
points are better, represents accuracy? This is a given in
W18-G19, but the truth is that we do not know: it could
be or it could not, but, because we do not know, we cannot
rely on this assumption to decide if more or less points are
necessary. Since the assumption is wrong, and the reason-
ing circular (premise: “high-density” is the best proxy for
accuracy; conclusion: more points are better than less), the
conclusion has no heuristic value and is invalid.

I will say more on this point later, but, just to make it
less abstract, let us imagine that we are comparing cranial
shape among adult living and fossil monotremes to eluci-
date how morphology diverged during the evolution of this
group. Because their crania have extensive fusions of the
sutures, we may find few clearly corresponding landmarks
(say, just 10). Therefore, we might opt for high-density
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Fig.3 Hemi-mandible mean shape of a sample of 33 adult yellow-
bellied marmots analysed using 2D GMM; vectors, computed in
GRF-ND (Slice 1994), show the main directions of variation at each
landmark (grey) and semilandmark (black), with a fourfold magnifi-
cation in all plots to emphasize differences: a GPA superimposition
with unslid semilandmarks; b, ¢ GPA superimposed data with sem-
ilandmarks slid using either (b) the minimum bending energy or (c)
minimum Procrustes distance method

morphometrics and cover the cranium with an initial
set of 10,000 semilandmarks (uniformly distributed and
then maybe slid). We then apply W18-19's approach to
deciding whether the dense semilandmark description is
more ‘accurate’ than the one based on just 10 landmarks.
Indeed, we find that a minimum of several hundred points
is required to get a shape description close to the full con-
figuration, whereas with just 10 landmarks shape differ-
ences (to the same full configuration of more than 10000
points) are huge: thus, we argue that high density pro-
vides better accuracy and go on with that to find clusters
that suggest similarities and evolutionary patterns (with a
most impressive visualization as a bonus!). Unfortunately,
looking at the development of the bones that make up the
cranium in the monotremes, we might later realize that
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we did measure an overall homologous cranial surface (as
argued by those who side-lines the shortcomings of sem-
ilandmarks by saying that points cannot be homologous
but curves and surfaces are), but, across species, most of
the semilandmarks of each bone clearly map on wrong
non-homologous bones. Thus, regardless of the seem-
ingly reassuring results of W18-G19's approach, showing
that we have chosen the most accurate configuration for
the monotreme comparison, the high dense description is
evolutionarily and developmentally highly inaccurate and
probably worse than the quantitatively smaller, but quali-
tatively superior information embedded in the 10 anatomi-
cally equivalent landmarks.

This made-up example is extreme and unlikely (although
not impossible, as in the rodent example I will consider
later), but it helps to emphasize that the same problem (a
consequence of our ignorance of what corresponds to what)
occurs when, in a study of human evolution, we cover the
cranial vault of a fossil hominin with a dense set of semilan-
dmarks: we cannot claim biological accuracy and ‘homol-
ogy’ of shape descriptors, because we do not actually know
if the points are truly mapping on equivalent features. Com-
pared to the hypothetical example with the monotremes, the
error will be likely less in degree but similar in nature: even
if the whole bone is homologous, high density does not guar-
antee the equivalence of the features being measured and
does not equate by default to accuracy.

Thus, what is assessed by G19 using the method of W18
is purely precision, which, as anticipated, is about how close
estimates are among themselves, regardless of whether they
are close to the truth. An archer whose arrows end up all
more or less in the same spot is precise, but, if that spot is not
the center of its target, the archer is inaccurate. In morpho-
metrics, applied to evolutionary questions, the target is the
aspect we are interested to measure, but the measurements
must be biologically equivalent and thus ‘homologous’. 1
am using single quotes for this attribute, as homology has
a variety of definitions and, certainly, there is a degree of
fuzziness and ambiguity in its use in morphometrics (Smith
1990; Klingenberg 2008). I am not claiming absolute rigour
in its application to landmarks in evolutionary analyses, but
there is a range that goes from less to completely ambiguous:
bregma, the meeting point of coronal and sagittal sutures,
is not the same as ith semilandmark on the cranial vault,
treated as a single bone and covered in an arbitrary number
of semilandmarks. To get a good intuition of what the term
‘homologous’ approximates in this context, consider also
the most ambiguous extreme of this range, which is to meas-
ure everything regardless of its biological and evolutionary
comparability, as in a narrow-sense phenetic approach that
focuses exclusively on quantity: then, the more characters
or measurements I get, the better, and it is irrelevant if they
mean the same across all specimens and taxa.
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Because our understanding of morphological evolution
and developmental change is still very approximate most
of the time, the number of clearly ‘homologous’ features is
limited and cannot simply be naively increased using a ‘blan-
ket’ of “high-density” points. That could be a good approach
for computer animation, digital art, or even some kind of
‘brute force’ biometric identification,! but much less well
targeted at comparing homologous aspects of form in evo-
lutionary studies and probably, at best, ‘noisy’ as a source of
the biological signal. Thus, the evidence produced by G19
can be informative on precision, but not on accuracy and
cannot be used to conclude in absolute terms that “for many
skull regions, 20-30 landmarks and/or semilandmarks are
needed to accurately characterize their shape variation, and
landmark-only analyses do a particularly poor job of captur-
ing shape variation in vault and rostrum bones”. As antici-
pated in this section, we all know that the cranial vault, for
instance, offers a few ‘homologous’ landmarks to measure
its shape, and we can say, probably without any analysis, that
those few ones do a poor job at capturing its complexity (if
that is truly necessary for our scientific investigation!). Yet,
we cannot say that comparing the match of shape distances
obtained using those few landmarks to those from the full
configuration with hundreds of semilandmarks demonstrates
the inaccuracy of landmarks-only data and the superiority of
having 20-30 points per anatomical region: first, we failed
to relate the choice of the measurements to the study ques-
tion (Oxnard and O’Higgins 2009), as discussed in more
depth below; crucially, we have provided no evidence what-
soever that the full configuration is accurate, except if our
meaning of accuracy is moving towards the progressively
more inaccurate and naive end of the narrow-sense phenetic
approach (Klingenberg 2008; Oxnard and O’Higgins 2009).
I am not claiming that either landmarks-only is accurate or
that landmarks plus dozens or hundreds of semilandmarks is
inaccurate: simply, we do not know, and this is why the full
configuration cannot be used as the ‘meter of comparison’.

Besides the obvious issue of the complete lack of evi-
dence in G19 for claiming that “high-density” equates by
definition to absolute accuracy in morphological “char-
acterization”, there are other important questions to ask
before deciding how and what to measure in morphomet-
rics (Oxnard and O’Higgins 2009). For instance, even if

! As a referee remarked “In many studies that use dense correspond-
ences the aim is simple identification, which ... does not require
points to be equivalent in any biologically meaningful sense (because
differences are not interpreted).[However,] how we measure affects
relative differences among specimens in complex ways—arbitrary
measurements give arbitrary distances ... [which] may not tally with
the everyday experience of many workers, especially in computer sci-
ence, and increasingly in biology, where the seeking of dense corre-
spondences between surfaces of objects by algorithm is common”.

sampling everything is crucial, can we exclude that the con-
figuration with the highest number of points has not actually
increased the noise in the data more than the signal we were
interested in? Is there a way to discern this inaccuracy, if
the term of comparison for accuracy is the highest density
configuration itself? To start, what is the signal we are look-
ing for? Does one size really fits all or is it possible that the
measurements relate to the question we are asking (Oxnard
and O’Higgins 2009)?

The approach of W18-G19 gives little importance to all
these questions and the decision on how many landmarks/
semilandmarks are needed is based on a single main crite-
rion: the largest number of points represents absolute accu-
racy, from which it follows that everything getting closer to
this target is better. However, besides the problematic tautol-
ogy, why one is measuring something is a question that can-
not be ignored and it is in fact the first step to decide what to
measure (Oxnard and O’Higgins 2009). Would I be wise to
decide what the best car is by exclusively focusing on speed?
Then, any car whose speed is closer to the fastest is better.
Unfortunately, I may not be a racing driver and many other
aspects of a car could be more interesting for the use I intend
to do: for instance, space, because I may have a large family;
a smaller carbon footprint, because I am concerned about the
environment; and robustness and flexibility, because I often
drive on slippery roads full of potholes (yes, I live in Italy!).
Thus, the fastest car may not be the best by definition. With
car speed, however, at least there is an objective quantity
to measure and the problem is whether this estimator of
performance works well regardless of why I need a car. In
contrast, with “high-density”” landmarking, whether one con-
figuration is more appropriate in relation to my aim is only
part of the problem, and this is discussed at greater length
in the section on ‘why measure’. The other, and probably
even clearer, issue is the one I have already presented: even
if my study question does require the capturing of as many
details as possible of a structure, because we do not know
if semilandmarks are really located on equivalent features
across all specimens and taxa (Klingenberg 2008; Oxnard
and O’Higgins 2009), “high-density” cannot be assumed a
priori to be the most accurate representation of morphology.

We can agree that “it is uncontroversial that semiland-
marks can sample more morphology than ... landmarks”
(p. 673, G19), but how and what they sample is less clear.
Using another example, borrowed this time from genetics,
it is true that a sequence including all bases in a genome
samples much more DNA than a group of phylogenetically
informative genes or polymorphisms. Yet, it is unlikely that
anyone would employ this most complete sequence (cod-
ing and non-coding regions, neutral sequences, and regions
with highly variable evolutionary rates, junk DNA, etc.) to
infer phylogeny. Yet, at least with DNA, the alignment of the
sequences employs models that incorporate knowledge from
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decades of research in genetics and molecular evolution. In
contrast, Procrustes (plus the potential treatment of semilan-
dmarks) aligns specimens based purely on mathematics and
the desirable statistical properties of the shape space that the
superimposition generates (Rohlf 2000a, b; O’Higgins 2000;
Adams et al. 2004).

Assuming, a priori, that “high-density” is best is
unfounded and can weaken one’s power to detect an effect
of interest. For instance, in a paper on murid cranial evolu-
tion which I reviewed a few years ago, the authors (coming
from a strong genetic background but with probably less
experience on GMM) treated the whole outline of a cra-
nium, photographed in ventral view, as if it was a single
bone with no landmarks at all except for its opposite ends
(rhinion and opisthion). This means that, for instance, many
of the semilandmarks mapping on the maxilla in long-faced
taxa might happen to be on the zygomatic arch in a spe-
cies with a short rostrum, and viceversa. However, if the
premise is that a “high-density” characterization of the cra-
nial outline represents accuracy, one starts with the densely
sampled cranial outline I described above and, following
W18-G19, tests the ‘accuracy’ (sensu W18-G19) of reduced
configurations with fewer semilandmarks. Almost certainly,
that would demonstrate that more semilandmarks are better
than fewer, without unfortunately providing any clue to the
most important problem, which is that, because the “high-
density” configuration was nonsensical in the first place for a
comparative evolutionary study, the result of the application
of W18-G19 is meaningless.

What semilandmarks ‘cannot know’ and more
on why precision is not accuracy

G19 makes a distinction (p. 671) between semilandmarks
(“those whose initial position is relative to landmarks with
biological homology”) and pseudolandmarks (“automati-
cally placed without reference to ... landmarks”), but the
difference is subtle, as semilandmarks are often placed auto-
matically and the boundary landmarks, that provide the ref-
erence for their definition, may be questionable and subject
to a variable degree of arbitrariness. In the rodent example
of the previous paragraph, the points used on the outline are
consistent with G19 definition of semilandmarks (as they
are defined in relation to end points which are ‘homolo-
gous’ landmarks). However, the points are placed automati-
cally and ignore many other landmarks that could have split
the outline in a series of ‘bone-specific curves’. Thus, the
uncertain distinction between semilandmarks and pseudo-
landmarks may not allow a simple discrimination between
what, following G19, seems acceptable for comparative
evolutionary studies (i.e., semilandmarks) and what is more
problematic (i.e., pseudolandmarks).
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To better stress this issue, I take inspiration from the
introduction to semilandmark methods of Gunz and Mitter-
oecker (2013). To start, they remark that digitizing semilan-
dmarks may not be so easy, especially on surfaces where (p.
105) “one approach is to measure a mesh of surface semilan-
dmarks on a single template specimen, and project this mesh
onto all other forms in the sample”, which is a type of auto-
matic placement as in G19 definition of pseudolandmarks
(p. 671: “sampling uniformly from a surface mesh”). Then,
to illustrate the technique (Gunz and Mitteroecker 2013) say
that, apparently regardless of whether some semilandmarks
potentially are on different bones (as not unlikely at “high-
density”, especially for those close to the sutures in species
with large anatomical differences), they “treat the outer shell
of the braincase in its entirety as homologous between” a
human and a young gorilla. They do acknowledge that this
decision may not be appropriate for all research questions
(e.g., when focusing on development compared to supra-
generic analyses), but are vague about how they decide that
this is fine for “many comparative purposes”. For instance,
if treating the vault as a whole and ignoring boundaries
between bones was appropriate for their case study look-
ing at doming of the braincase in hominin evolution, is it
also necessarily appropriate in the rodent case study, where
the focus was on the association between the evolution of
morphology and genomic change and the whole cranial out-
line was analysed as a single structure (again regardless of
boundaries between bones)? Overall, this shows again that,
even with semilandmarks defined as in G19, in reality, these
points may have aspects that fit in the definition of pseudo-
landmarks, and viceversa.

Having shown that the distinction between the two types
of ‘non-homologous’ points is operationally not as clear
as one wishes (which is why I typically avoid using it), I
find that the cases cited as problematic, by G19 (p. 671),
for landmark-only analyses, which are “caecilian amphib-
ians” with their “large degree of variation in bone presence
and suture patterns” or “birds” with their “high degree of
bone fusion”, may not be too dissimilar in their implications
from the rodent study which I mentioned. The fact that some
bones may be missing, and/or sutures not evident, cannot be
a straightforward and convincing reason to act as if anatomi-
cal, developmental, and evolutionary regions had no identity
and can be blanketed with points regardless of biological
meaning, as in the ambitious statement in the Introduction
(G19, p. 671)) on “the promise these methods offer for quan-
tifying regions that are poorly characterized by use of only
discrete landmarks, due to the lack of unambiguous homol-
ogy across specimens or the presence of large areas without
any appropriate structures at which to place landmarks”. If
one takes this literally, it could be argued that we are at the
frontier of a no-limit “high-density” GMM future, where an
evolutionary comparison of caecilians and, say, earthworms
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and cucumbers is perfectly sensible (Fig. 4): cover them in a
“high-density” set of points, get shape coordinates with Pro-
crustes GMM (plus sliding, if you wish), maybe decide the
optimal density with W18 method, and finally summarize
shape using a principal component analysis or a cluster anal-
ysis. However, do not be too surprised if caecilians group
closer to earthworms and cucumbers than, say, to frogs.

Later in the paper (p. 674), the authors moderate the ini-
tial statement on “high-density” being a promising almost
‘homologous-free’ solution and acknowledge: “although
curves may capture much of the morphological variation of
the full landmark, curve, and surface dataset for many struc-
tures, they can be problematic and inapplicable in some of
the most interesting, highly variable regions, particularly as
comparisons expand across increasingly disparate taxa”. But
is this really the only issue one should have before deciding
whether “high-density” is a simple fix to a “lack of points
of unambiguous homology”’? It seems that, for G19, “high-
density” is fine, but only as long as the curve or surface is
homologous, which, in their examples, means placing points
along or within the same bone (and maybe even not exactly
the same as, in fact, the vault is a composite bone). This is
definitely more reasonable, but still unsatisfactory because,
in reality, even within homologous structures, such as a spe-
cific bone, the placement of semilandmarks is based on the
same but less obvious type of reasoning as in the evolution-
ary absurd comparison of non-homologous traits (as in the
made-up example on monotremes, as well as the real one
on rodents). This is because, within, for instance, the frontal
bones of a mammal, we do not actually know if semiland-
mark number 1 (or 2 or any of them) is actually mapping on
the same ‘homologous’ subregion of these bones in all speci-
mens or species: it could be that a small bump on an Indian
elephant cranium is a completely new auto-apomorphic
character that was not present in mastodonts and mammoths,
and, therefore, even as an approximation, semilandmarks
mapping on that frontal bone bump cannot map on the same
feature in other species, as this is simply missing.”

Shifting from biological homology to geometric homol-
ogy [“point-to-point, curve- to-curve, or surface-to-surface
correspondence”, p. 104, (Gunz et al. 2005; Gunz and Mit-
teroecker 2013)] does not solve this problem either: the
bump is still not there and, in a biological evolutionary study,
we are not comparing like with like (as it happens with the
more extreme but analogous ‘no-limit GMM’ example of
caecilians, earthworms, and cucumbers, all geometrically
similar when measured by a dense set of points, even if their
shape similarities are at best the product of convergence).

2 A similar hypothetical example can be found in Polly (Polly 2017)
and why GMM is ill suited to describing the appearance of new struc-
tures is discussed in Oxnard and O’Higgins (2009).

Fig.4 A provocatory suggestion (to be taken with a smile) for evo-
lutionary comparisons with ‘no limits- “high-density” GMM’: a
Narayan’s caecilian, b earthworm, and ¢ cucumbers (images, respec-
tively, from: a https://commons.wikimedia.org/wiki/File:Uraeotyphl
us_narayani_habitus.JPG, by Venu Govindappa under Creative Com-
mons Attribution 3.0 Unported; b https://www.flickr.com/photos/
treegrow/38799468075, by Katja Schulz under Creative Commons
2.0 Generic; ¢ https://www.flickr.com/photos/twisted-string/75078
61822, by twistedstringknits under Creative Commons 2.0 Generic)
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Besides, where is the universal demonstration that morpho-
logical evolution follows geometry? Sometimes it might,
sometimes it might not, but, even in the apparently convinc-
ing case, used to promote sliding semilandmarks using the
minimum bending energy criterion, that correctly depicts
shape changes from a shorter to a more elongated rectangle
showing parallel transformation grids, unlike the twisted
ones of equally spaced points [Fig. 2.1, (Gunz et al. 2005)],
the demonstration is invalidly tautological. It assumes the
identity of biological homology and geometry, but the truth
is, again, that we do not know if this is the case. Slid sem-
ilandmarks could correctly place the same semilandmark
(say, number 10) in the same corner of the two rectangles,
but, if we later find out that the second rectangle was a bone
made from the fusion of two smaller ones, that corner could
be measuring totally non-homologous features in spite of the
elegant maths and beautiful geometry. Thus, one simply can-
not conclude ((Gunz et al. 2005), p. 25) that “semilandmarks
like these [i.e., slid using the minimum bending energy cri-
terion] can then be treated as homologous, without artifact”.

Accuracy in ‘homology’, and the correspondence of mor-
phometric descriptors, is an issue that, when one looks into
the details (Oxnard and O’Higgins 2009), might affect most
of GMM (including apparently precise landmarks), but, as
anticipated, there is a range of severity from ‘homologous’
landmarks to semilandmarks, all the way to the extreme of
completely “homology free” phenetic analyses. Semiland-
mark methods have mitigated but not solved some of the
limits of older, and often strongly criticized (O’Higgins
1997), techniques for the analyses of outlines (Perez et al.
2006; McCane 2013). As I have already stressed using
examples, even the rhetoric of glossing over these issues
for semilandmark data by insisting on the homology of the
curve or surface in its entirety (and/or in terms of geometric
correspondence) does not avoid the problem: the ambiguity
in homology is simply shifted within a suture or bone (or
any other structure described by semilandmarks). Besides,
from a purely analytical perspective, the shape distances that
capture the morphological relationships are a function of the
coordinates of the points and not of the curve or surface as a
whole. Thus, where the points are, not just their number or
density, is fundamental to establish accurate shape relation-
ships in terms of biological equivalence among specimens
in a sample.

Once all these problems are honestly acknowledged, one
can probably go on using semilandmarks, when they are
really important in relation to its study aims. In this con-
text, W18 approach to decide a parsimonious set of points
becomes potentially informative. However, it may be useful
for precision, while achieving a degree of parsimony in the
number of morphometric descriptors, but does not by default
“improve the accuracy of morphological characterization”
(p. 1, (Watanabe 2018)). Using another analogy, saying that
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the configuration with the largest number of points (land-
marks and semilandmarks) represents accuracy in an evolu-
tionary study is like claiming that a tree based on all possible
traits, as in old fashion phenetics (Sokal and Sneath 1963), is
the true phylogeny. Occasionally that may be true, but more
often than not the phenetic tree will be a very poor proxy for
phylogeny, although its topology may be robustly supported
(like the “‘stationarity” peak of W18) and less unstable than
estimates based on fewer characters. Yet, a tree built using a
careful selection of phylogenetically informative characters
and a valid evolutionary model (Felsenstein 2004) is more
likely to produce answers closer to the truth. Again, preci-
sion and accuracy are not the same.

Why | measure is more important than how much |
measure

The importance of relating the measurements (landmarks,
semilandmarks, or traditional distances) to the study aim is
crucial both in general, as well as in the context of “high-
density” analyses, as already but briefly mentioned. Measur-
ing a lot (many landmarks and/or semilandmarks) not only
is not a synonym of accuracy, but does not even guarantee
statistical power, because much of what is measured could
be irrelevant or totally inappropriate for the specific study
hypothesis. For instance, using the beautiful example of
Oxnard and O’Higgins (2009, p. 86): “in a study of bat and
bird wings if one is interested in function, landmarks at wing
tips and along the leading and trailing edges may be func-
tionally equivalent; they might embody the question in being
related to functionally relevant aspects of form. However,
these landmarks may lie on structures that are not equivalent
in other ways; for a study of growth or evolution, alternative
landmarks may be the most suited ones”. Yet, according to
G19 (p. 673), “landmark data alone are insufficient to fully
characterize morphological variation for many datasets” and
for “characterizing variation, the addition of curve sliding
semilandmarks alone is a vast improvement on landmark
only analyses”. This statement fails to relate what is being
measured to the hypothesis being investigated and taken lit-
erally is, again, misleading, as it implies that a set of densely
spaced points along the outline of bats and bird wings is
appropriate and always superior to a few anatomically corre-
sponding landmarks capturing the proportions of the homol-
ogous bones, which make up these evolutionarily convergent
structures. Thus, G19 conclusively but inaccurately state (p.
669): “high-density geometric morphometric data exceed
traditional landmark-based methods in characterization of
morphology and allow more nuanced comparisons across
disparate taxa”.

Readers may think that no evolutionary biologist, ask-
ing an evolutionary rather than a functional question, would
be so naive as to compare bird and bat morphology using
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a series of equidistant points (slid or not) on their wings,
but the rodent cranium example I made should warn that
this is not as remote a possibility as it might look. How-
ever, let us be less naive and see if, using a well-designed
mix of landmarks and semilandmarks, I can increase the
amount anatomical details in a comparison. For instance, in
a study of growth, together with ‘homologous’ landmarks, I
could place the semilandmarks within bones, such as along
the shaft of the radius. However, I would argue again that
semilandmarks may add something but, rigorously speak-
ing, are at best trying to provide a geometric and mathe-
matical answer, that may or may not be a good proxy for
the underlying biological model. Useful as they appear to
and sometimes might be, semilandmarks represent ‘known
unknowns’. Let us consider another hypothetical scenario in
which, in the future, developmental biologists find out that
the radius develops asymmetrically, so that the ossification
center grows faster towards the humerus in birds but does
the opposite in bats. As this knowledge was not available at
the time of our GMM study, how likely is it that the sem-
ilandmarks on the shaft are mapping on developmentally
corresponding regions in the two taxa? Even if the radius
is clearly homologous and the geometric correspondence is
accurate, the roughly central set of semilandmarks will be to
one side of the ossification center in birds and to the opposite
one in bats: this shape change, in relation to evolution and
development, has gone missing.

Similar considerations have been made by Klingenberg
(2008) and Oxnard and O’Higgins (2009) in relation to the
semilandmark approach of Polly (Polly 2008b) other puta-
tively ‘homology-free’ methods (Polly 2008a). Thus, sem-
ilandmarks do offer a simple and potentially useful expedient
to discretize curves and surfaces with no clear landmarks.
And those curves and surfaces may be homologous, but the
shape variables produced by the semilandmarks are a func-
tion of the relative distances between the corresponding
points (Klingenberg 2008), and the correspondence is, by
definition, unclear for semilandmarks and potentially inac-
curate, regardless of a possible mathematical ‘massage’ of
those points (such as by sliding (Gunz et al. 2005; Gunz and
Mitteroecker 2013)).

On this, and more generally on the argument about ‘why
vs how much to measure’, a reviewer suggested another
interesting point of view. For him, the W18-G19’s approach
is flawed, because their test of alternative landmarking den-
sity presupposes that one wants to measure the precise shape
specified by the high-density scheme that they use. Unless
fine-scale features covary precisely with larger scale fea-
tures, then altering the density of surface sampling simply
changes what aspects of shape one measures. Just as their
lower density sampling does not capture the same shape as
their original configuration, neither would a higher density
sampling. Crucially, if one has a hypothesis about the overall

shape and relationships of bones independent of their surface
features, then a low-density scheme will be better able to
test that hypothesis than W18/G19's high-density schemes,
because the surface details would likely be noise that weak-
ens the statistical power to test the hypothesis. In general,
any test of whether one landmarks scheme is "better" than
another is likely to be flawed without first specifying pre-
cisely which aspects of shape one needs to measure (Oxnard
and O’Higgins 2009). Thus, the reviewer wrote: “One could
cover each bone in high density semilandmarks or ... put a
small number of fixed landmarks at junctions between each
bone and another. G19 argue that the former is "better" than
the latter. ... Neither scheme is better or worse, they simply
measure different things. The simple landmarking scheme
captures the basic shape of the bone and its topographi-
cal relationship to other bones. The high-density scheme
captures the convexities and concavities of its surface, and
perhaps even its texture. If one is studying, for example, the
contribution of brain development to skull shape, the sim-
ple scheme will be "right" because the high-density scheme
contains a mixture of properties that are relevant to the ques-
tion (bone location on the skull) with those that aren’t (bone
surface texture, horns, armouring, etc.). Conversely if one is
studying the relation of skull morphology to sexual dimor-
phism, the texturing is likely to be more important than the
bone placement itself. ... If we know we want to measure
covariances in surface ornamentation between bones, we
can use G19's downsampling procedure to show that, if we
decrease the density of points, we lose the power to measure
those covariances; and conversely, if we know we want to
measure the basic topographical contribution of the bone to
the overall skull, we could use the same strategy to up-sam-
ple the density and eventually show that the "noise" of the
surface texture overpowers the signal we want to measure. In
other words, ...the downsampling (or upsampling) scheme
cannot show us that a configuration is "better" in an absolute
sense, [but] only that alternatives are worse at measuring
something that we a priori want to measure.”

The reviewer’s view ties well with my conclusion to this
section on “The Bad” in G19, in which I wish to stress again
what my criticisms are about: they are against the notion that
“high-density’ data are generally better than fewer well-con-
sidered homologous landmarks in studies of development
and evolution, but not against a cautious and parsimonious
use of these techniques, which I employed myself more than
once, including a totally and truly ‘homology-free’ GMM
study with no landmarks at all (Ferretti et al. 2013). The
same holds for W18 approach, which can be fruitfully used
to explore the sensitivity of results to the number of points,
but not to test accuracy. In both cases, semilandmarks and
W18 approach, one should be clear about what can and
cannot be said using a certain type of data and methods.
Indeed, with due acknowledgement of potential limitations
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and inaccuracies (Rohlf 1998; O’Higgins 2000; Adams et al.
2004, 2011; Klingenberg 2008, 2013; Oxnard and O’Higgins
2009; Viscosi and Cardini 2011; Cardini 2019), using sem-
ilandmarks, and parsimoniously selecting their number and
position (Gunz and Mitteroecker 2013), can be of help when
there is no other option [e.g., (Ferretti et al. 2013)], as well
as for taxonomic or forensic identification [e.g., (Schlager
and Riidell 2015)], biomechanics (O’Higgins et al. 2011),
to reconstruct fossils (Ledn and Zollikofer 2001; Gunz et al.
2009) and in many other cases. However, invalid tautologies
should be avoided, and “what should I measure?” should be
“sensibly responded to by another [question:] what is the
hypothesis you are testing? ....[thus,] measure according
tothe question rather than relying on subsequent statistical
analyses and interpretations to disentangle” (Oxnard and
O’Higgins 2009, p. 87).

‘The not-so-accurate’
Too early for strong statements on either side

I conclude with ‘The not-so-accurate’. G19 summarized
my 2019 paper on spurious results in TEMI because of the
superimposition by saying (p. 671): “It has been recently
asserted that this effect may be exacerbated in larger geomet-
ric morphometric datasets, such as those generated through
the application of semilandmarks, although such an effect
was not demonstrated, and assumed that the effects would
reduce the ability to detect biological modularity in data
(Cardini 2019). Second, and more specifically, it has also
been asserted that closely packed semilandmarks may falsely
inflate the pattern of modularity ... For these reasons, it has
been suggested that “big data” is not necessarily better data
when it comes to geometric morphometric analyses, espe-
cially analyses of phenotypic integration and modularity
(Cardini 2019)”. It is inevitable that, when one summarizes a
complex study, most of the complexity and nuances are lost.
This is everyone’s problem, and I am sure I missed many
subtleties in both W18 and G19, the latter having likely
faced also the problem of compromising among views in
a multi-authored paper. However, as my 2019 article pro-
vided both the stimulus for the study by G19 and the main
context in which they interpret their findings, it is important
to accurately reference that initial work. The summary of
G19 mixes two issues, that have relationships but are better
considered first separately: one is the problem of spurious
results in TEMI; the second is the effect of semilandmarks
on TEMI.

I start with the inflation of type I error rates in TEMI
using the ‘within a configuration approach’ (i.e., analyses of
modularity/integration with modules obtained by splitting
the Procrustes superimposed full configuration). The first
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sentence says that I asserted that the detection of modularity
may be reduced using “big data” with many semilandmarks.
However, the second sentence says that I also asserted that
closely packed semilandmarks inflate modularity, which is
confusing as it seems to contradict the previous statement.
This is partly clarified later (p. 680), but now the distinction
is between “proximal semilandmarks”, whose covariance
(increased by the superimposition and sliding) may spuri-
ously inflate modularity, and landmarks, which “may suffer
from boundary bias, exaggerating the apparent integration
of those elements”. On the same page, the potentially oppo-
site effect of landmarks and semilandmarks is stated again:
“both approaches suffer from statistical artifacts due to the
nature of the data collection approach and may have oppos-
ing biases in reconstructing trait integration and modular-
ity”. Thus, even if moderated by the verb “may”, the authors
suggest multiple times that the consequences of using one or
the other type of anatomical point (with the different math-
ematical treatment and higher density of semilandmarks)
might be opposite, with landmarks inflating integration and
semilandmarks spuriously suggesting modularity.

In fact, my conclusions were cautious and more nuanced:
“The study, although preliminary and exploratory in
nature... indicates an avenue for future research ... [and]
suggests that great caution should be exercised in the appli-
cation and interpretation of findings from analyses of modu-
larity and integration using Procrustes shape data, and that
issues might be even more serious using some of the most
common methods for handling the increasing popular sem-
ilandmark data” (from the abstract of Cardini 2019, p. 90).
As in the introductory summary of my study by G19, I also
had to squeeze a range of complex results and considerations
in a few sentences. However, I made no strong conclusive
assertions and stressed: a) the preliminary and exploratory
nature of my study, as well as the need for more work; b)
the importance of cautious applications of TEMI; c) the pos-
sibility (“might”) that the issues may be more serious using
semilandmarks. In more detail:

1. By extrapolating results and interpretations from their
context, G19 might have created a misleading impres-
sion of strong claims about what I suggested may or may
not happen in relation to the problems with Procrustes
shape data in TEML. In fact, I did the opposite and my
explanations were openly uncertain from the title of
the paper (“Integration and modularity in Procrustes
shape data: is there a risk of spurious results?”’) and the
abstract (see above) to the paragraph introducing the
main conclusions (p. 102: “Bearing in mind its explora-
tory nature, the limited number of tests examined and a
main focus on type I errors ... three main messages can
be taken from this study, that might hopefully stimulate
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future investigations™). Thus, there are no strong asser-
tions

G19 (p. 671) reported, citing my work, that “questions
have been raised about their [semilandmarks/pseudo-
landmarks] necessity and applicability for the study of
phenotypic integration”. Indeed, I raised questions on
the effect of slid semilandmarks on TEMI, and these are
not answered conclusively by the simulations of G19,
as well as by their small set of examples of congruent
findings with or without semilandmarks. However, I did
not suggest giving up on either TEMI or semilandmarks.
In fact, I urged caution but wrote, in the third of my
three main conclusions (p. 103): “Clearly, this does not
mean that one should never use semilandmarks ... How-
ever, it does suggest that there is no guarantee that more
points necessarily lead to increased accuracy and, if
and when semilandmarks are really crucial, one should
also acknowledge their limitations and potential issues”.
Thus, I said back then, as I repeated in this paper, that
semilandmarks have pros (allow measurements where
no landmarks are available) and cons (‘homology’
issues and proliferation of variables); can be used when
they are important (with clear acknowledgement of the
limitations); but cannot be assumed a priori to be more
accurate and, as more general with any landmark con-
figuration, their use should be functional to the specific
hypothesis. This definitely means that they are not better
‘by default’, but they could be better, although this can-
not be assessed by the tautological analysis of W18-G19,
that only addresses precision and has nothing to do with
accuracy

What the effect of semilandmarks might be in the spe-
cific context of TEMI is definitely the most complex
issue and, therefore, the one I will discuss in more depth.
On this, I did say that semilandmarks “might” make the
problem with spurious results more serious, but did not
say that this happens for sure and offered an additional
example of the complexity of this problem in the very
last paragraphs. This example came immediately after
my third conclusion, saying that slid semilandmarks
are not the same as standard landmarks and that sliding
does alter the covariance structure in non-trivial ways
with potentially important consequences on results.
Thus, using an example configuration of landmarks
and semilandmarks and simulated isotropic variation, I
showed that the choice of the mathematical treatment of
semilandmarks can lead to inaccurate and incongruent
results in exploring integration using the ‘integration/
disintegration’ approach (Bookstein 2015), with both
unslid and ‘Procrustes-slid’ semilandmarks correctly
suggesting isotropic noise, and minimum-bending
energy-slid semilandmarks misleadingly suggesting
‘disintegration’ (i.e., the opposite of integration). This

is the context in which my concerns on the complex
effect of sliding semilandmarks on TEMI (expressed as
a possibility: “issues might be even more serious”, p. 90)
should be understood

As rightly argued by G19, and indeed already stated
in my own 2019 paper, isotropic variation is not what
we normally find in biological data. Thus, we cannot
exclude that the inaccuracies in TEMI are inflated and
we might hope that, with a strong ‘real’ covariance, the
effect of the superimposition (plus a possible sliding of
semilandmarks) will be less dramatic. Yet, there is an
effect, whose importance will vary from case to case
in ways that are not easy to predict. This is why, it is
unwise to extrapolate beyond the specific configurations
and set of parameters used in simulations, and analyses
of example datasets, in both my work (Cardini 2019) as
well as in G19. Especially in microevolutionary analyses
(but probably not exclusively in these®), with smaller
differences among specimens, the impact of sliding on
real data could be particularly severe (Perez et al. 2006).
Figure 3 shows superimposed configurations from a
sample of adult yellow-bellied marmot hemi-mandibles.
Instead of showing the scatter of points around the sam-
ple mean (as in Fig. 2), I computed here the main vec-
tors of variation at each landmark and semilandmark.
Landmarks show very similar directions of variation,
but semilandmarks show a range of scatters depend-
ing on whether they are superimposed without sliding
(A) or slid using either the minimum-bending energy
(B) or minimum-Procrustes distance (C) criterion. Are
these differences just a visual impression? Probably not:
if A is compared to B and C, respectively, the matrix
correlations of pairwise Procrustes shape distances are
0.830 and 0.884 and those between the corresponding
variance—covariance matrices are even lower: 0.778 and
0.631. The total sample variance (the sum of the vari-
ances of all shape coordinates) is, respectively, 0.00263
(A), 0.00224 (B), and 0.00145 (C), which means 15%
and 45% smaller, depending on the choice of sliding,
compared to the superimposed unslid data. If one com-
putes variance at each landmark/semilandmark (which

3 In fact, a reviewer argued that, even if most of the time the ‘noise’
might be relatively more important in microevolutionary studies,
where the ‘signal’ tends to be smaller, there might be interesting
exceptions: “Microevolutionary differences tend to be small. That
said, depending on the shapes of the objects, the problem could be
bigger in macroevolutionary studies if one takes the simulations in
G19 at face value: large differences in points that are far from the
center of the object—for example, tips of bird beaks—will strongly
affect the position of the centroid and, therefore, the artifactual
covariance introduced by Procrustes. That effect will be even more
pronounced if the beak has more surface area than the cranium and
semilandmarks are placed with equal density in both regions”.

@ Springer



526

Zoomorphology (2020) 139:513-529

is biologically totally meaningless, as it depends on the
superimposition, and used here only to compare results),
the correlation of landmark variances between A and,
respectively, B and C is 0.688 and 0.799, which again
confirms the differences (here in magnitude) seen by
eye, as well as using matrix correlations. That there is
a substantial modification of the variance—covariance
structure is indicated also by the variability in the vari-
ance accounted for by the first principal component of
shape, which is 22.6% (A), 36.0% (B), and 31.8% (C).
All these descriptive statistics can be rapidly and eas-
ily obtained, and readers are encouraged to try them on
their own semilandmark data: sometimes, they will find
high congruence, and sometimes not; but any difference
is always purely a consequence of the arbitrariness in the
choice of sliding.

Before moving to what the current evidence is regard-
ing the practical importance of Procrustes and sliding on
TEMLI, I briefly go back to the apparently contradictory
claims of semilandmarks both worsening the detection
of modularity and inflating modularity (p. 671 of G19).
Neither of these was a simple conclusion of my 2019
paper, as I made clear that predicting the direction of
the bias introduced by the superimposition may not be
straightforward. In this context, I speculated whether
(p. 102) “the ‘contiguity effect’* induced by a common
superimposition might explain ambiguous results sug-
gesting both integration and modularity”; and added:
“This is definitely an issue that requires more study to
be better understood ... and indeed the impact of these
issues may vary from case to case and generalizations
might be difficult to make”. Thus, I warned users not
to assume that, because the superimposition creates
covariance in isotropic data, one can confidently con-
clude that a finding of significant modularity, despite
this bias, guarantees the accuracy of results and makes
the evidence for modules stronger”. This may or may
not be true depending on the data, as one cannot exclude
that covariance within modules is increased more than
between them, which seemed to me the only explana-
tion for the examples in which I found spuriously both
significant integration as well as significant modularity.
Assuming that my speculation was correct, the “contigu-
ity effect” may or may not happen more often with sem-
ilandmarks than landmarks, and, although I suspect that
it might, indeed, be more common with semilandmarks,
this is far from sure and will depend on their relative
position, number, and density, as well as the strength of
the real covariance.

* (i.e., the likely stronger covariance between contiguous landmarks,
such as those within a ‘module’).
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More agreement than disagreement?

Having clarified what I wrote on semilandmarks and TEMI,
with explicit acknowledgements of the huge uncertainties
of all those findings, I can proceed to discuss what G19 dis-
covered on this issue. The paper contains some potentially
misleading or even contradictory statements (more below),
which does not help with interpretations. However, it seems
that their conclusions on the effect of semilandmarks on
TEMI are not that dissimilar from mine. G19 reported a
generally good congruence in results of TEMI using a few
example datasets with only landmarks or both landmarks and
semilandmarks. However, they also stated (p. 680): “Despite
supporting a modular pattern, the landmark-only dataset
returned a CR much closer to one, indicating relatively
more integration among modules ...”, which they assumed
was mostly due to a lack of within-region landmarks in
the cranial vault. Later (p. 681) they remarked again that
landmark-only data suggest less modularity with allometry
contributing to integration: “As before, the landmark-only
analyses returned CR values closer to one, suggesting more
integration than the analysis of the full dataset, and remov-
ing allometric effects resulted in reduced CR values, sup-
porting a more modular pattern”. Since these specific results
are discussed in terms of what landmarks-only suggest and
why this may vary (also in the abstract), and probably also
because of a misleading statement in the last paragraph of
the previous section on simulations in G19 (see below), one
almost has the impression that landmarks are less reliable
to infer modularity/integration than semilandmarks. How-
ever, this is clearly not something we can say, since we do
not know the true pattern of modularity/integration in real
data, and one could have presented these same results with
an emphasis on semilandmarks, surprisingly unaffected, for
instance, by allometry, which sounds almost counter-intu-
itive “because allometry is a known factor contributing to
integration” (p. 125-126, (Klingenberg 2016) and references
therein). Similarly, the cranial vault, with its frequently
fused bones, could be truly more strongly integrated, mak-
ing results from landmarks more credible than those from
semilandmarks. Yet, I am not stating that this is the case:
once more, we simply do not know and, indeed, assuming
that measurements are accurate in relation to TEMI, it could
well be that there are truly different answers depending on
what is measured.

In the very final section of the paper, G19 finally clari-
fies that, as in my interpretation of their results, we cannot
really say whether landmarks or semilandmarks get the right
answer in TEMLI: “... analyses incorporating semilandmarks
may be less influenced by boundary bias and allometric
effects, which may exaggerate the degree of integration
across regions in landmark-only analyses, while analyses
of sliding semilandmark may exaggerate within-region



Zoomorphology (2020) 139:513-529

527

integration and between-region modularity” (G19, p. 681).
This is not unlike what I suggested (as a speculation) in my
2019 paper, when I warned that the increased overall covari-
ance due to the superimposition cannot be simply used to
argue that significant modularity must be accurate (as it hap-
pens despite the ‘extra’ covariance due to the Procrustes fit).
Thus, I wrote, not only one can find spurious or inaccurate
evidence for integration but also for modularity (p. 102):
“for instance, if the number of points within a module is
much larger than that marking the boundary of two contigu-
ous modules, the superimposition (plus the possible sliding
of semilandmarks) could increase intra-modular covariance
even more strongly than inter-modules, thus spuriously
inflating the evidence for modularity”. If this is compared
to the main conclusion of G19, the only one which is truly
supported by the data, their results do not seem contra Car-
dini (2019). In fact, they support my original guess on this,
as they acknowledge that, if landmarks-only may inflate inte-
gration, semilandmarks could do the opposite and spuriously
increase modularity. Nevertheless, although supported by
G19's findings, I stress that the evidence for the ‘contiguity
effect’ (Cardini 2019), and its relation to the density and
mathematical treatment of the points, is still preliminary. It
may turn out that an opposite bias of landmarks vs semilan-
dmarks is really a prevalent finding in TEMI, but I suspect
that it is not a sharp and simple dichotomy: there might be
cases where this is reversed; and there are definitely exam-
ples, at least using simulations with isotropic noise, where
one can find both spuriously significant integration as well
as modularity with both landmarks-only or landmarks plus
semilandmarks (Cardini 2019).

Everyone agrees that the superimposition (plus possi-
ble sliding) alters the covariance structure, which is what
is tested in TEMI, and that this happens in complex ways
that make tests potentially inaccurate. Then, if this leads to
inevitable uncertainties about the strength of the evidence
for either integration or modularity, how can G19 state as
facts (p. 680) that “... sliding semilandmarks ... improve
the Procrustes fit relative to the “natural superimposition,”
and thus increase the accuracy of recovering modules for
biological structures”? Not only can we not say if sliding
semilandmarks make the Procrustes superimposition more
‘biologically accurate’, since we do not know in the first
place what the “natural superimposition” is, and semiland-
marks were not even included in the simulations, but also,
and more importantly, we cannot say that they increase
accuracy in recovering modules. This is in contradiction to
G19’s own findings in simulations, showing that “adding
landmarks [not semilandmarks but still more points!] nei-
ther improves nor inhibits the recoverability of modules”.
And it is even more in contradiction with their own main
conclusions (presented in my previous paragraph) on the
comparison of TEMI with or without semilandmarks, that

“analyses of sliding semilandmark may exaggerate within-
region integration and between-region modularity”. It is
either one (semilandmarks increase the accuracy in recov-
ering modules) or the other (adding more points does not
improve finding modules or even, possibly, semilandmarks
inflate modularity).

Leaving the confusing statements of some of G19’s
paragraphs aside, I think that, for the time being, we can
safely conclude that there is no evidence that semilandmarks
improve accuracy in TEMI. Possibly, in many cases, but
most likely not all of them, they might, in fact, inflate the
evidence for modularity (as hypothesized by Cardini (2019)
and now potentially supported by G19). However, although
very preliminary, there is definitely evidence, from both sim-
ulated data (Cardini 2019) and the real sample of Fig. 3, that
sliding semilandmarks adds a further layer of complexity:
this is because, even using identical configurations of points,
the simple choice of the mathematical treatment of the sem-
ilandmarks further changes the variance—covariance struc-
ture of the data, with a difference that can be large enough
to produce fairly low correlations of covariance matrices
and contradictory conclusions on integration and modularity
using Bookstein’s (2015) approach.

Conclusions

Overall, G19, like Cardini (2019), shows that the effects
of the Procrustes superimposition, sliding semilandmarks,
and the landmarking scheme, interact in complex ways but
definitely alter the pattern of real variance—covariance. This
happens with modalities that vary from case to case and do
not allow simple predictions on the magnitude of the impact
and whether more or less points is better. Thus, we can only
stress that:

e great caution is required in interpretations of patterns of
variance—covariance using both landmarks and semilan-
dmarks;

e “high-density” GMM cannot ignore potential issues with
inaccurate TEMI,;

e there is definitely a need for more studies on the impact
of the Procrustes superimposition, plus sliding (the extra
layer of complexity), on GMM analyses of modularity
and integration.

Therefore, as I emphasized both here and in my 2019
paper, the issue is complicated, and predicting the impact of
the modification of the variance—covariance in TEMI using
Procrustes shape data is not straightforward. The simulations
of G19 using landmarks (but no sliding semilandmarks) sug-
gest that, with a realistic scenario of variable directions in
covariance, the results of GMM studies of modularity and
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integration may be reliable despite inaccuracies. Indeed, as
I wrote in the previous article (p. 98): “large samples [in my
simulations] ... might have overemphasized the importance
of small covariances introduced by the superimposition”
and thus that “in true biological data, where real covari-
ance is expected and might be much larger than that due to
the superimposition, the problem of spurious results might
be less concerning”. Nevertheless, the modification of the
pattern of covariance by the superimposition is supported
by all studies and well known since the early days of GMM
(Rohlf and Slice 1990; Rohlf 1998). This inevitably intro-
duces a degree of inaccuracy in both statistical testing and
estimates of parameters and effect sizes, with the magnitude
of the errors specific to the dataset. Thus, I doubt one can
argue that this is “Not-Really-a-Problem” and that we are
confident that “these potential issues are unlikely to obscure
genuine biological signal” (p. 669 G19). The first claim
makes a good title, but denies the presence of a problem
that we still know little about, except that it is very real. The
second one is our hope, but seems rather premature as a con-
clusion and cannot be said based on a single study, neither
G19 nor mine. I suspect that, besides the potential of GMM
for studies of modularity and integration, as well as its limits
and possible inaccuracies, stronger results in this field will
come from an integrative evo-devo approach, mixing mul-
tiple lines of evidence (from genetics and embryology to
morphometrics), as it is becoming customary in taxonomy
(Schlick-Steiner et al. 2010; Padial et al. 2010). For now,
however, I urge morphometricians to be open but cautious,
and, on “high-density” GMM, I do suggest less tautology
and more biology.
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