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ABSTRACT

Landmark-based geometric morphometrics is widely used to study the morphology of the
endocast, or internal mold of the braincase, and the diversity associated with this structure
across vertebrates. Landmarks, as the basic unit of such methods, are intended to be points of
correspondence, selected depending on the question at hand, whose proper definition is
essential to guarantee robustness and reproducibility of results. In this study, 20 landmarks are
defined to provide a framework to analyze the morphological variability in squamate endocasts.
Ten species representing a cross-section of the diversity of Squamata from both phylogenetic
and ecological (i.e., habitat) perspectives were considered in order to select landmarks
replicable throughout the entire clade, regardless of the degree of neuroanatomical resolution
of the endocast. To assess the precision, accuracy, and repeatability of these newly defined
landmarks, both intra- and inter-observer error were investigated. Estimates of measurement
error show that most of the landmarks established here are highly replicable, and preliminary
results suggest that they capture aspects of endocast shape related to both phylogenetic and
ecologic signals. This study provides a basis for further examinations of squamate endocast
disparity using landmark-based geometric morphometrics.
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1. INTRODUCTION
Endocasts, as internal molds of the cranial cavity, are widely used in the fields of
paleoneurology and comparative neuroanatomy (e.g., Edinger 1951; Jerison 1973; Bruner et al.
2018). The casts of different internal cranial structures, such as the brain, cranial nerves, and
the osseous labyrinth, can be studied in both extant and extinct taxa to provide information
about the shape and size of their respective soft-tissue organs. Besides the neurological
capabilities that can potentially be inferred from these data, endocasts offer a unique
opportunity for assessing neuroanatomical differences among taxa and provide insight into the
evolution of these structures (e.g., Watanabe et al. 2021). The advent and development of
computed tomography have significantly contributed to the expansion of comparative
neuroanatomical studies in both modern and fossil taxa. These techniques are commonly used
nowadays as they enable reliable and non-destructive access to virtual endocasts and facilitate
the generation of large datasets (e.g., Beyrand et al. 2019; Fernandez-Monescillo et al. 2019;
Early et al. 2020). At the same time, the development and elaboration of geometric
morphometric (GM) methods have provided a powerful toolkit for characterizing endocast
morphology, helping to describe, interpret, and analyze endocast variability. These methods,
typically involving the use of two- or three-dimensional Cartesian coordinate points (i.e.,
landmarks; Bookstein 1990, 1991; Dryden and Mardia 1998; Zelditch et al. 2004; Lawing and
Polly 2010; Webster and Sheets 2010; Adams et al. 2013), have become widely adopted in
endocranial studies (e.g., Aristide et al. 2019; Bertrand et al. 2019; Weisbecker et al. 2021) due
to their efficacy in capturing, retaining, and visualizing shape information independently of
differences in position, rotation, and isometry (Pereira-Pedro and Bruner 2018).

Ideally, landmarks are (1) homologous anatomical loci that (2) provide adequate
coverage of the morphology, (3) can be recognizable on each specimen in the study, (4) do not

alter their topological positions relative to other landmarks, and (5) lie within the same plane



for 2D data (Zelditch et al. 2004; Webster and Sheets 2010). Based on these criteria, landmarks
are traditionally classified into three types depending on their structural location and how
informative the landmarks may be in terms of biological processes and epigenetic factors.
(Bookstein 1990, 1991; but see Lele and Richtsmeier 2001 for another classification of
landmarks). Type | landmarks, defined as the intersection between different tissue types, are
generally the most desirable type of landmark because of their ease of reproducibility and
potential for identifying direct biological meaning (e.g., Bookstein 1991; Zelditch et al. 2004).
Type Il landmarks can be defined as maxima of curvature and are based on geometric evidence.
As Type | landmarks may be difficult to identify for certain structures, especially across a broad
taxonomic scale, Type Il landmarks may provide a better coverage of the morphology and be
more useful in term of comparability (Bookstein 1991). Type 111 landmarks were first defined
as extremal points or points that are defined by virtue of information at other locations on that
object (e.g., Bookstein 1991; Zelditch et al. 2004). Such a definition originally encompassed
semi-landmarks (Cooke and Terhune 2015), but Weber and Bookstein (2011) redefined this
system to identify Type III landmarks as “points characterized locally by information from
multiple curves and by symmetry”. Following this new definition, semi-landmarks were
excluded from this category and were instead sorted as Types IV, V, or VI referring to curves,
surfaces or constructed semi-landmarks, respectively, the last category including semi-
landmarks that do not fit in the two others (Weber and Bookstein 2011; Cooke and Terhune
2015). It is worth noting that the boundaries among these categories are not sharp, and there
may be cases in which landmarks lie in intermediate positions, resulting in a lack of consistency
in landmark “Type” assignments across studies (Warmlander et al. 2019). In addition, as little
correlation is observed between landmark type and measurement reproducibility (Warmlander
etal. 2019), one type of landmark should not be preferred or excluded a priori, and the selection

of landmarks should forefront their individual replicability and ability to speak to specific



research hypotheses (Bruner and Ogihara 2018; Pereira-Pedro and Bruner 2018; Warmlander
et al. 2019).

The definition of Type | landmarks in endocranial studies remains rare. Although some
of these landmarks have been defined from the triple point between major endocast features
(e.g., between the optic lobe, cerebrum, and cerebellum, Gold and Watanabe 2018; Watanabe
et al. 2019a), their recognition relies on being able to establish homologous borders between
particular structures of the brain, which in turn depends on the degree to which the brain is
faithfully reproduced in the endocast, which is highly variable among vertebrates (e.g., Balanoff
and Bever 2017). This leaves most of the points that can be defined on endocasts as representing
surfaces, bosses, and curves so that endocranial studies tend to commonly use Type Il
landmarks (e.g., Aristide et al. 2016, 2019; Bertrand et al. 2019; Hu et al. 2021). To provide
meaningful coverage of the endocast in areas that are difficult to define using traditional
landmarks, endocranial studies generally use curve or/and surface semi-landmarks to improve
the representation of endocast morphology (e.g., Neubauer et al. 2010; Gold and Watanabe
2018; Lautenschlager et al 2018; Beyrand et al. 2019; Watanabe et al. 2019a; Hu et al. 2021;
Segall et al. 2021; Weisbecker et al. 2021). Such methods require some caution when
interpreting the results, as semi-landmarks imply several methodological choices (e.g., Gunz
and Mitteroecker 2013; Gonzalez et al. 2016; Cardini 2020) that may impact their true
representation of the real anatomical elements and so limit biological inferences (Bruner and
Ogihara 2018; Pereira-Pedro and Bruner 2018). Nonetheless, the use of semi-landmarks,
associated with traditional landmarks that are essential as anchor points, can be extremely
helpful to characterize the morphology of endocast areas.

The main goal of this study is to use landmark-based geometric morphometric methods
to compare the endocast morphology of members of Squamata (snakes and “lizards”). As a first

step, landmarks already established in endocranial studies were surveyed to select ones that



could be used in Squamata. In particular, numerous landmarks have been defined for mammals
(e.g., Neubauer et al. 2010; Ahrens 2014; Danilo et al. 2015; Bertrand et al. 2019; Barbeito-
Andrés et al. 2020; Fontoura et al. 2020; Weisbecker et al. 2021) and birds (e.g., Carril et al.
2016; Marugan-Loboén et al. 2016; Gold and Watanabe et al. 2018; Hu et al. 2021; Watanabe et
al. 2021). However, as the morphology of the endocast in these two clades differs markedly
from that observed in squamates (e.g., Allemand et al. 2017), the definitions of some of these
landmarks are not transferable to the squamate endocast (e.g., landmark 4 in non-passerine birds
“Most rostral point of the eminentia sagittalis”, Carril et al. 2016; landmark 24 in rodents
“Caudal-most point on neocortex”, Bertrand et al. 2019). Additionally, as landmarks
characterizing endocasts in mammals and birds, as well as in crocodilians (e.g., Fabbri et al.
2017; Beyrand et al. 2019; Watanabe et al. 2019a; Hu et al. 2021), are generally defined from
the corresponding brain structure they reflect (e.g., “Dorsal most junction point of cerebrum
and optic lobe”, Watanabe et al. 2019a), such definitions can be problematic and unreproducible
in squamates, in which those anatomical locations cannot always be identified because of the
less close correspondence to the brain in some of these taxa (e.g., Uropeltis woodmasoni, Olori
2010; Typhlophys squamosus, Allemand et al. 2017). Segall et al. (2021) offers an alternative
to these limits by placing landmarks on the bones surrounding the endocranial cavity in snakes.
This technique allows one to indirectly characterize the endocast morphology without
considering the neuroanatomical resolution of the endocast. However, as such a method is only
performed using endocasts and bones, the correspondence between particular points and key
landmarks on the diverse brain morphologies in Squamata (e.g., Macri et al. 2019) are
unaccounted for and may remain incidental. In addition, as the great diversity of squamates is
associated with a remarkable variability in cranial anatomy with respect to the morphology of
the bones surrounding the endocranial cavity (e.g., Da Silva et al. 2018; Watanabe et al. 2019b),

and also in terms of the presence, absence, and variable degrees of fusion of bones and cartilage



(e.g., Ollonen et al. 2018), such a method can be difficult to apply when diverse squamates,
other than snakes, are considered.

In view of these difficulties, the present contribution aims to create a set of anatomical
landmarks for the assessment of the endocast shape in squamates via geometric morphometric
approaches, reproducible through the whole clade, and regardless of the neuroanatomical
resolution of the endocast. These points can serve a dual purpose of providing a framework for
characterizing endocast shape, and also serving as potential anchor points for future semi-
landmark analyses. Because of the complicated nature of squamate endocasts and the
difficulties in unambiguously locating associated landmarks, several error analyses were

completed in order to evaluate the accuracy and repeatability of these newly defined landmarks.

2. MATERIAL AND METHODS

2. 1. Materials

In order to define replicable landmarks for all squamates, the crania of 10 extant species were
selected to include representatives of each major clade within Squamata (see Table 1 and Fig.
1; Pyron et al. 2013; Singhal et al. 2021). As bones surrounding the endocranial cavity may be
useful to landmark squamate endocasts, specimens were also selected based on their diverse
cranial morphologies (Fig. 1) and to represent a variety of different habitats (see Table 1) that
may impact the cranial bone conformation (e.g., Barros et al. 2011; Da Silva et al. 2018).
Finally, the dataset includes specimens in which the endocast shows varying degrees of

neuroanatomical resolution (Fig. 1).

2. 2. Data acquisition
Computed-tomographic scans of adult squamate heads were obtained from different sources

(see Table 1). Eight specimens were sampled from the previously published work of Macri et



al. (2019) for which scans were performed at the University of Helsinki (Finland) using a
Skyscan 1272. A ninth specimen, Sphaerodactylus caicosensis, was acquired from the online
database MorphoSource (Boyer et al. 2016; http://www.MorphoSource.org/). A tenth
specimen, Thamnophis sirtalis, was acquired by one of the co-author (GD) and the scan was
performed at the European Synchrotron Radiation Facility (ESRF, Grenoble, France) using
third-generation synchrotron microtomography on beamlines ID19 and BM5 (resolution
between 5.0 and 14.9 pm; reconstructions performed using filtered back-projection algorithm
with the ESRF PYHST software).

Image segmentation and visualization were performed using the software Avizo version
2019.1 (Thermo Fisher Scientific, U.S.A.). The segmentation tools of the software were used
to manually reconstruct the endocast for each species by segmenting the internal surface of the
bones, or of the dura mater when no bones surround the endocranial cavity. Additionally, each
bone showing a direct contact with the endocranial space was segmented individually, as was
the whole brain, the cranial nerves, and the endosseous labyrinth. All the landmarks were placed

on the virtual model and exported using the software Avizo (version 2019.1).

2. 3. Landmark definition and error analysis
The variable neuroanatomical resolutions observed on the endocasts of the specimens studied
here, as well as the varying spatial relationships established in Allemand et al. (in press)
between the brain and the surrounding cranial structures (i.e., bones, endosseous labyrinth,
cranial nerves), have been taken into account to define landmarks reproducible through the
whole clade of Squamata.

By following the detailed landmark protocol established in this study (see
Supplementary data 1), three of the authors (MML, WK and RA) independently performed 10

landmark-placement trials each on Blanus, Sphaerodactylus and Epicrates (see Supplementary



data 2 for raw coordinates of the 90 replicates across species and observers). The three species
were selected in order to illustrate the diverse endocast morphologies occurring in squamates.
Familiarity with neuroanatomy and endocast landmarks varied among the observers from a
complete novice endocast landmarker (WK) to advanced endocast landmarkers without (MML)
or with (RA) knowledge of reptile neuroanatomy. For each species the same reconstruction,
based on the same threshold values, was used for all trials, and landmarks were only positioned
on the left side. Individual trials were separated by at least one day, and the full series of trials
was spread out over more than a month.

To determine whether the number of landmarks defined for squamate endocasts is
adequate to fully capture changes in shape and size, we used the Landmark Sampling
Evaluation Curve (LaSEC) function, developed in the R package ‘LaMBDA’ (LandMark-
Based Data Assessment; Watanabe 2018) on each of the 30 landmarking trials for Blanus,
Sphaerodactylus and Epicrates separately, and on the inter-specific dataset including one
landmarking trial per specimen for each of the 10 different species studied here (landmarks
positioned by the first author, see Supplementary data 3 for the raw coordinates). This approach
estimates the fit of a ‘parent’ landmarking protocol from the original dataset by comparing it
with the fit of subsampled landmarking protocols using Procrustes Sum of Squares. The original
dataset was subsampled by sequentially adding one landmark at a time starting from three (each
addition representing a new subsample), comparing the fit of each subsample to the parent
protocol (Watanabe 2018). An optimal landmarking protocol is expected to reach stationarity
in its fit before the parental level of complexity is reached.

In order to test the reproducibility of the landmarks, the intra-observer errors were
calculated separately for the three observers and for each species, and the observers’ data were
pooled for each species to get some measure of the inter-observer error. As data were collected

from objects in a fixed coordinate system (3D coordinate system of the scanner), no type of



fitting criteria have been used to make comparisons between trials, and the measurement error
of the unilateral landmarks were computed directly from the data. The means, variances, and
standard deviations were calculated as described in von Cramon-Taubadel et al (2007).

To interpret the errors in individual landmarks into a broader context, the coefficient of
variation was used, with the aim of seeing how errors in the placement of landmarks contribute
to errors in the inter-landmark distances they define (e.g., Schmidt et al. 2011). The linear
distances between landmarks were calculated for each species by using the interImkdist function
in the R package ‘geomorph’ version 4.0 (Baken et al. 2021), and each landmark’s standard
deviation were divided by the mean of the distances for which that landmark is an endpoint to

put the estimates of overall error into perspective.

2. 4. Morphospace distribution

We performed two Generalized Procrustes Analyses (GPA) by using the gpagen function in the
R package ‘geomorph’ (Baken et al. 2021) to quantify and visualize differences in endocast
morphologies captured by the newly-defined landmarks. First analysis was completed by using
the 90 trials, including the 10 repetitions made by the three observers on Blanus,
Sphaerodactylus and Epicrates, to investigate the variability caused by the landmarking
acquisition. The second analysis was performed on the 10 different species studied here,
including one landmarking set per specimen (see Supplementary data 3 for the raw coordinates)
in order to explore patterns of major morphological variation in squamate endocasts. For each
analysis, we performed a Principal Component Analysis (PCA) using the gm.prcomp function
in ‘geomorph’ and we estimated heat maps of landmark shape variation by comparing the
minimum and maximum of each PC, using the R package ‘landvR’ (Guillerme and Weisbecker
2019), to visualize the magnitude of shape variation across principal components (PCs)

explained by individual landmarks. Procrustes ANOVAs (PLM) were calculated by using the



procD.Im function of the ‘geomorph’ package to test patterns of endocast shape variation
captured by the landmarks based on different factors of variability depending on analysis: (1)
observers, species and number of trials (procD.Im (coords~Observer+Species+Rep)), and (2)
groups (i.e., snake, amphisbaenian, or lizard), habitat, and allometry (procD.Im
(coords~groups+habitat+log(size)). In addition, phylogenetic Procrustes ANOVAs were
computed using the procD.pgls function to test patterns of endocast shape variation captured
by the landmarks based on habitat and allometry (procD.pgls (coords~habitat+log(size)) after
controlling for evolutionary relatedness. The typology of the phylogenetic tree used to run the

Phylogenetic Generalized Least Squares model (PGLS) is modified from Pyron et al. 2013.

3. RESULTS

3. 1. Landmark Selection

Twenty landmarks were chosen to capture the morphology of squamate endocasts and defined
in order to allow for their reliable and repeatable placement (Fig. 2 and Table 2, see
Supplementary data 1 for the complete landmarking protocol). Although the landmarking
process was first conceptualized by considering anatomical equivalences across all species,
landmarks defined on a purely geometric basis were included to complete the coverage of the
squamate endocast. Thus, landmarks 8 (Most ventro-median extent of the endocast at the
posterior margin of the optic nerve foramen) and 15 (Dorso-median extent of the endocast
between the endosseous labyrinths) do not refer to specific brain regions and reflect only
geometric information in all species. Similarly, landmarks 11 (Most lateral extent of the
endocast at the anterior end of the anterior semicircular canal) and 12 (Most dorso-median
extent of the endocast at the anterior end of the anterior semicircular canal) have only a
geometric meaning in the snakes Epicrates and Thamnophis, as well as in the amphisbaenian

Leposternon. However, these two landmarks variably reflect the anatomy of the brain in the



snake Xerotyphlops and other “lizards” (Allemand et al. in press); specifically, they correspond
to the lateral most extent of the optic lobes (landmark 11 in Lepidothyris, Pseudopus,
Sphaerodactylus, Tropidurus) or to the dorsal limit between the cerebral hemispheres and the
optic lobes on the brain (landmark 12 in Xerotyphlops, Blanus, Lepidothyris, Melanoseps,

Sphaerodactylus, Tropidurus).

3. 2. Landmarking Accuracy

LaSEC analyses show that the number of landmarks required to capture squamate endocast
morphology (shape and centroid size) varies depending on species (Fig. 3a, b, c, e, f, g). Relative
to Epicrates and Sphaerodactylus, the curves obtained from the landmark-placement trials
performed for Blanus show that fewer landmarks are needed to reach the median fit value of
0.95 (Fig. 3a, e). The addition of certain landmarks shows marked improvement in fit values
and indicates that some landmarks are more critical in this species for capturing shape and size
information of the endocast. Curves obtained from the landmark-placement trials performed for
Epicrates (Fig. 3c, g) and Sphaerodactylus (Fig. 3d, h) show that, despite the lack of a distinct
plateau, the variance in fit values steadily decreases as the landmark sampling approaches the
parent dataset. These results suggest that the convergence to the parent dataset is genuine
although confirming the authenticity of the asymptotic trajectory requires sampling additional
landmarks to extend the sampling curve. LaSEC analyses performed on the inter-specific
dataset show that reaching the median fit value of 0.95 requires 10 landmarks of the 20 total
landmarks (Fig. 3d, h). Despite the lack of a long plateau, sampling curves for both shape and
centroid size indicate that the differences between the variance in fit values diminish to be
minute as additional landmarks (11 to 20) are sampled. This suggest that the 20 landmarks
defined here were effective in capturing the inter-specific endocast morphological variation

across squamates.



3. 3. Intra- and Inter-Observer Errors

Tables 3, 4, and 5 show the measurement error for each landmark for the sampling trials on
Blanus (Table 3), Epicrates (Table 4), and Sphaerodactylus (Table 5) for each observer and for
the pooled data. In the three tables, the standard deviations (o) are ranked from most error-prone
(#1) to least error-prone (#20). The coefficient of variation (CV) is reported for each landmark
as a percentage.

The error associated with the placement of the landmarks differs based on both species
and observers. The measurements calculated for Blanus show that the landmarks positioned on
the cast of the olfactory bulbs and peduncles (landmarks 2, 3, 4) and on the most lateral extent
of the cast of the cerebral hemispheres (landmark 9) are among the most error-prone landmarks
for at least two of the three observers (Table 3). The coefficients of variation, computed from
the average distances that the landmarks define, indicate that the relative errors are high (> 5%)
for the three landmarks positioned on the cast of the olfactory bulbs and peduncles (landmarks
2, 3, 4) in two observers (MML and WK). The same landmarks are not associated with high
CVs for the third observer (RA) and in fact the CVs are below 5% for all landmarks in the
Blanus dataset for that observer, indicating a better degree of precision. The landmarks located
on the dorsal-most extent of the endocast at the level of the anterior-most extent of the
endosseous labyrinth (landmark 12), the cast of the mesencephalic flexure (landmark 14), the
dorsal-most extent of the endocast between the endosseous labyrinth (landmark 15), the lateral-
most extent of the endocast at the endo-lymphatic foramen (landmark 16), and the ventral-most
extent of the posterior rhombencephalic cast (landmark 20), represent the least error-prone
landmarks for Blanus for at least two of the three observers (Table 3). The coefficients of
variation for these landmarks are low (< 2%), suggesting a high degree of precision for each

observer. When the pooled data are considered, the three landmarks located on the cast of the



olfactory bulbs and peduncles in Blanus (landmarks 2, 3, 4) again show a high relative error (>
10%), whereas other landmarks are below 4%, indicating a high degree of precision and
consistency in general.

The measurement errors calculated for Epicrates indicate that the landmarks located on
the dorso-median extent of the anterior olfactory part of the brain (landmark 3), the posterior
margin of the optic nerve foramen (landmark 8), the dorso-median and lateral-most extent of
the cast of the cerebral hemispheres (landmarks 9 and 10), the ventral-most extent of the
diencephalic cast (landmark 13), and the lateral-most extent of the posterior rhombencephalic
cast (landmark 18), constitute the most prone-error landmarks in at least two of the three
observers (Table 4). Even these landmarks exhibit a good degree of precision for all observers,
however, as all the coefficients of variation are uniformly low (< 5%). The landmarks
positioned on both the lateral-most and dorso-median extents of the cast of the anterior cerebral
hemispheres (landmarks 5 and 6), the dorsal-most extent of the endocast at the level of the
anterior-most extent of the endosseous labyrinth (landmark 12), the cast of the mesencephalic
flexure (landmark 14), the dorsal-most extent of the endocast between the endosseous labyrinth
(landmark 15), and the ventral-most extent of the posterior rhombencephalic cast (landmark
20), represent the least error-prone landmarks in Epicrates. The coefficients of variation
calculated for these landmarks are very low (< 2%), indicating a high degree of precision for
each observer. The measurement errors for the pooled data show a similar pattern, and the
coefficient of variation for all but one of the landmarks is low (< 5%), most being below 3%,
indicating a high degree of precision and consistency in general. The only exception is the
landmark 11, located on the lateral-most extent of the endocast at the level of the anterior-most
extent of the endosseous labyrinth, which was the most error-prone landmark in the pooled data.

The somewhat higher coefficient of variation (5.07%) associated to this landmark suggests that



although its placement is consistent within the three observers, its position may differ to some
degree between the observers.

The measurement errors calculated for Sphaerodactylus (Table 5) indicate that the
landmarks located on both the lateral-most and ventro-median extents of the cast of the anterior
cerebral hemispheres (landmarks 5 and 7), the posterior margin of the optic nerve foramen
(landmark 8), the lateral-most extent of the cast of the cerebral hemispheres (landmark 9), and
on the lateral-most extent of the endocast at the level of the anterior-most extent of the
endosseous labyrinth (landmark 11), constitute the most error-prone landmarks in at least two
of the three observers (Table 5). Of these landmarks, the coefficient of variation is high (> 5%)
for only the one located on the lateral-most extent of the cast of the anterior cerebral
hemispheres (landmarks 5) in one observer (MML), whereas the same landmark in the two
other observers (WK and RA) and other high error-prone landmarks are below 5%, indicating
a better degree of precision. In one of the observers (MML), the higher coefficient of variation
is calculated for the landmark corresponding to the anterior-most extent of the endocast
(landmark 1), despite an intermediate ranking (#10) based on the standard deviation value. As
this landmark is involved in the shortest inter-landmark distances, any deviation in its placement
will greatly affect the small distances between this landmark and its near neighbors, which is
one possible explanation for the higher CV. Among the least error-prone landmarks, the ones
positioned on the dorsal-most extent of the endocast at the level of the anterior-most extent of
the endosseous labyrinth (landmark 12), the dorsal-most extent of the endocast between the
endosseous labyrinth (landmark 15), as well as both the dorsal- and ventral-most extents of the
posterior rhombencephalic cast (landmarks 19 and 20) are found in at least two of the three
observers. The coefficients of variation for these landmarks are low (< 2%), most being lower
than 1%, suggesting a high degree of precision for each observer. The measurement errors for

the pooled data show a similar pattern than the intra-observer errors, and the low coefficients



of variation in all landmarks indicates a high degree of precision and consistency in general.
Similar to the observation made for one of the observers (MML), landmark 1 (anterior-most
extent of the endocast) in the pooled data exhibits a higher coefficient of variation (5.25%)

suggesting that its variable position impacts the distances with other landmarks.

3. 4. Morphospace Distribution

3. 4. 1. Landmarking trials for Blanus, Epicrates, and Sphaerodactylus

Principal Components Analysis on the endocast morphology of the 90 trials including Blanus,
Sphaerodactylus and Epicrates resulted in the first two PCs of morphospace accounting for
96.7% of shape variance (PC1= 73.7%, PC2= 23%; Fig. 4; see Supplementary data 4 for the
variance explained by other PCs). PC1 primarily divides the three species from each other,
Blanus and Sphaerodactylus representing the two extremes whereas Epicrates has an
intermediate position (Fig. 4). Itis clear from the high proportion of variation accounted for by
this axis, and the amount of variation between species compared to that within each cluster of
trials, that the magnitude of inter-species differences is much higher than the variation among
observers. The distribution of species on PC1 is not driven by size, as the two extremes, Blanus
and Sphaerodactylus, both exhibit smaller skull lengths than Epicrates (see Table 1). Heat plots
of landmark displacement between extreme PC1 shape configurations show that the overall
main variation relates to the anterior half of the endocast (Fig. 4c, d). The distribution of species
along PC1 is mostly affected by the differences in the relative anterior-posterior elongation of
the cast of the olfactory bulbs and peduncles, Blanus showing shorter olfactory bulbs and
peduncles compared to the elongate ones in Sphaerodactylus, whereas Epicrates shows an
intermediate length. Additionally, the position of the lateral most extent of the cast of the
cerebral hemispheres influences the distribution of the three species, with that point occurring

more posteriorly in Blanus than in Sphaerodactylus. In Epicrates, the lateral-most extent of the



cast of the cerebral hemispheres is located between these two extremes. The second axis (PC2)
separates Blanus and Sphaerodactylus from Epicrates (Fig. 4). Again, the variation being
captured here is overwhelmingly related to real differences in endocast shape, rather than the
identity of the observer. Similar to PC1, the variation along PC2 mostly relates to the anterior
half of the endocast, and the relative width of both the casts of the olfactory bulbs + peduncles
and the cerebral hemispheres are critical to the distribution of species (Fig. 4g, h). Thus, these
endocast regions appear relatively wider in Epicrates than in Blanus and Sphaerodactylus.
Procrustes ANOVA (PLM) revealed that on the three factors tested (Observer, species,
repetition), significant differences are recovered between observers and species, whereas the
number of repetitions is not significant (Table 6). Species explained the highest proportion of
endocast shape variation (96.1%), whereas observer accounted for 0.4%. Species (Z = 14.27)

had the greatest effect on endocast shape variation compared to observer (Z = 2.52).

3. 4. 2. All species

Principal Components Analysis on the endocast morphology of the ten different species of
squamates resulted in the two first PCs of morphospace accounting for 71.6% of shape variance
(PC1= 58.8%, PC2= 12.8%; Fig. 5, see Supplementary data 5 for the variance explained by
other PCs). The variation along the two PCs mostly relates to the anterior half of the endocast.
The distribution along PC1 primarily divides the fossorial species, including both burrower and
cryptozoic taxa, from those that inhabit other habitats (Fig. 5), and is mostly affected by the
morphology of the cast of the olfactory bulbs and peduncles, as well as the position of the lateral
most extent of the cast of the cerebral hemispheres. Species on the negative side of PC1 exhibit
a relatively shorter and stouter cast of the olfactory bulbs and peduncles (e.g., Leposternon, Fig.
5a, b) and the lateral most extent of the cast of the cerebral hemispheres is somewhat at the

same level as the pituitary cast, the latter being poorly developed ventrally (Fig. 5c, d). This



differs from the more elongated and gracile olfactory bulbs and peduncles characterizing
species on the positive side of PC1 (e.g., Tropidurus, Fig. 5e, f), and in which the lateral-most
extent of the cast of the cerebral hemispheres is reached more anteriorly than the well distinct
pituitary cast. The variation along PC2 mostly relates to the dorso-ventral extension of the
endocast and the position of the most ventral extent of the pituitary cast (Fig. 5g, h). On the
negative side of PC2, species exhibit a nearly straight endocast in lateral view (e.g., Epicrates,
Fig. 5i, j), showing no or a weak flexure, and the ventral most extent of the pituitary cast is
reached ventral to the cerebral hemispheres. Species on the positive side of PC2 are
characterized by a more pronounced cephalic flexure (e.g., Tropidurus, Fig. 5e, f), and the
posterior part of the endocast shows a more ventral projection relative to the axis of the olfactory
bulbs and peduncles. In these species, the ventral-most extent of the pituitary cast is located
more posteriorly than the cast of the cerebral hemispheres.

Procrustes ANOVA (PLM) revealed that on the three factors tested (Group, habitat,
allometry) without phylogeny, significant differences are recovered between snakes,
amphisbaenians and non-amphisbaenian “lizards”, as well as between habitat categories,
whereas allometry is not significant (Table 7). Although both group and habitat have an effect
on endocast shape variation, Z = 2.33 and Z= 2 respectively, the group category explained the
highest proportion of endocast shape variation (42.5%), whereas habitat accounted for 33.2%.
When phylogeny is taken into account, Procrustes ANOVA showed that both habitat (p = 0.068)

and allometry (p = 0.463) are not significant (Table 7).

4. DISCUSSION
This study defined twenty landmarks to capture the morphological disparity in squamate
endocasts, and established a protocol for collecting the three-dimensional coordinates. The

measurements of both the intra- and inter-observer errors demonstrate that the landmarks could



generally be located reliably, although a few landmarks are more difficult to position. Thus, the
placement of landmarks 3 “Dorso-median extent of the cast of the olfactory bulbs and
peduncles”, and 9 “Lateral-most extent of the cast of the cerebral hemispheres” is more likely
to be imprecise in some species. Additionally, the difficulty in positioning some of the
landmarks seems to be related to the varying complexity of the endocast shape across species.
For example, for the less experienced observers, the morphology of the cast of the olfactory
bulbs and peduncles in Blanus posed a challenge to the accurate placements of landmarks 2
“Lateral-most extent of the cast of the olfactory bulbs and peduncles”, 3 “Dorso-median extent
of the cast of the olfactory bulbs and peduncles”, and 4 “Ventro-median extent of the cast of
the olfactory bulbs and peduncles”, whereas the same landmarks in Epicrates and
Sphaerodactylus were able to be located more reliably. The lower level of precision for these
landmarks should be taken into account both when deciding which landmarks to collect for a
given study and, if these landmarks are employed, during data analysis. Besides the
straightforward steps defined in our protocol to locate the landmarks, we recommend using the
three different planes (i.e., coronal, sagittal, and transverse) to help the landmarking process
and to keep a consistent orientation across specimens. Here, the two endosseous labyrinths (left
and right) were segmented for each species and used to orient the coronal plane so as to be
perpendicular to the lateral semi-circular canals. The two other planes, sagittal and transverse,
were then positioned perpendicular to the coronal plane and to each other. Each time a plane
was used to position a landmark, the two other planes were visible only as a line (i.e., being
fully perpendicular to the viewer). Such a process, in our opinion, provides a more repeatable
method for the placement of landmarks, especially those that showed more variance in their
placement.

Despite the variability introduced by different observers, the landmarks defined here

were effective in capturing the inter-specific endocast morphological variation across



squamates, allowing for the differentiation of species and major groups. The significant
difference reported here between the three major groups (amphisbaenians, lizards, and snakes)
suggests that squamate endocast morphologies may reflect a phylogenetic signal. Indeed, the
three species of snakes in this study exhibit a linear endocast that differs from the more flexed
endocast characterizing lizards. However, as exceptions to such a pattern do exist (e.g.,
relatively straight endocast in Blanus), the recognition of universal patterns in endocast
morphology reflecting squamate phylogeny, if existing, remains challenging. The significant
difference obtained when comparing the main habitat categories, being only marginally
significant when accounting for phylogenetic distances, indicates that the phylogenetic signal
in squamate endocranial morphologies may also be coupled with an ecological signal. Such a
signal seems particularly evident in fossorial (burrower and cryptozoic) squamates, including
here the two amphisbaenians Leposternon and Blanus, the scincid “lizard” Melanoseps, and the
snake Xerotyphlops. The endocasts in these species show common morphological trends
characterized by a relatively shorter and stouter cast of the olfactory bulbs and peduncles, a
lateral-most extent of the cast of the cerebral hemispheres being positioned more posteriorly,
and an absence or poor differentiation of the pituitary cast, that differ from terrestrial and semi-
arboreal species. Similar to previous studies based on snake endocasts and employing different
methods (Allemand et al. 2017; Segall et al. 2021), the detection of such phylogenetic and
ecologic signals supports the use of the landmarks defined here and may provide a basis for
future studies considering the variability in squamate endocasts.

The number of landmarks defined in this study appears sufficient to differentiate the
variable endocranial morphologies observed across major squamate lineages. However, our
results indicate that we cannot be confident that these 20 landmarks are sufficient for
characterizing variation at the intra-specific level. In view of these limitations, endocranial

studies at a finer taxonomic scale will potentially benefit from adding extra landmarks that may



not be identifiable throughout squamates but that are particularly relevant to individual groups
or specific hypotheses. Additional anatomical landmarks relevant to a particular clade could
thus be selected based on structures whose homology is clear within closely related groups but
cannot necessarily be identified across all of squamates. In addition, the reproducible set of
landmarks defined here could be used for the placement of semi-landmarks in order to improve
the representation of the squamate endocast. Indeed, the inherent issues related to landmarks in
the underrepresentation of some part of the endocast and the failure to characterize the shape
between them may constitute an important challenge and need to be considered. The new points
of correspondence defined in this study could be employed as anchor points for sliding curves
semi-landmarks, which, in turn, could demarcate the regions for surface sliding semi-
landmarks. Such methods are nowadays largely employed in endocranial studies (e.g.,
Watanabe et al. 2019a; Hu et al. 2021; Segall et al. 2021; Weisbecker et al. 2021), and would
help to characterize the relatively featureless surfaces of squamate endocasts by allowing an
endocranial comparisons curve-to-curve or surface-to-surface (e.g., Gunz et al. 2005). By
providing replicable landmarks for the whole clade Squamata, the current study was, thus,
needed as a first step to quantify and analyze the variability in squamate endocast morphologies
and should provide a basis for further examinations using landmark-based geometric

morphometrics.

5. CONCLUSION

This study established a detailed protocol for the placement of twenty traditional landmarks in
order to analyze the morphological disparity of squamate endocasts. Many of the problems
associated with the nearly feature-less nature of squamate endocasts have been overcome. We
demonstrate that these newly-defined landmarks are replicable and can be accurately positioned

across the entire clade. These landmarks form a basis for landmark-based morphometric



geometric studies quantifying morphological aspects of squamate endocasts. Future studies
should consider the definition of additional landmarks relevant to particular hypotheses about

endocast shape, and the continued refinement of the protocol proposed here.
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FIGURE CAPTIONS

Fig. 1. Schematic phylogenetic relationships of squamates sampled in the study (modified from
Pyron et al. 2013; Singhal et al. 2021) associated with 3D renderings showing the crania of each
species in lateral view and the endocast in dorsal (left) and lateral (right) views. Scale bars equal
2 mm. Coloured bones: Frontal (light green); Parietal (light blue); Orbitosphenoid (light red)
Parabasisphenoid (dark blue); Supraoccipital (purple); Prootic (orange); Otoccipital (dark red);

Basioccipital (dark green); Otoccipital complex (yellow).

Fig. 2. Endocast of Lepidothyris fernandi showing the location of the 20 newly-defined
landmarks in (a) dorsal, (b) lateral and (c) ventral views. Scale bar equals 2 mm. Landmark

definitions are given in Table 2.

Fig. 3. Sampling curves from performing LaSEC on the landmark-placement trials performed
on Blanus cinereus (a, e), Epicrates cenchria (b, f), Sphaerodactylus caicosensis (c, g) and on
the inter-specific dataset including one landmarking trial per specimen for each of the 10
different species (d, h) with respect to characterizing centroid size (a, b, c, d) and shape (e, f, g,
h) variation. Each gray line indicates fit values from one iteration of subsampling. Thick, dark

line denotes median fit value at each number of landmarks.

Fig. 4. Morphospace constructed from first two principal component (PC) axes of endocranial
shape between Blanus cinereus (a, b), Sphaerodactylus caicosensis (e, f), and Epicrates
cenchria (i, j). Digital endocasts are figured in dorsal (a, e, i) and lateral (b, f, j) views, and
associated with heat plots representing the difference in landmark position between the two

most extreme specimens along PC1 (c, d) and PC2 (g, h) in dorsal (c, g) and lateral (d, h) views.



Color reflects displacement magnitude (red/yellow = high/low displacement). Scale bars equal

2 mm.

Fig. 5. Morphospace constructed from first two principal component (PC) axes of endocranial
shape between the ten squamate species. Digital endocasts of Leposternon scutigerum (a, b),
Sphaerodactylus caicosensis (e, f), Tropidurus torquatus (g, h), and Epicrates cenchria (k, 1),
are figured in dorsal (a, e, g, k) and lateral (b, f, h, I) views. The heat plots represent the
difference in landmark position between the two most extreme specimens along PCL1 (c, d) and
PC2 (i, J) in dorsal (c, i) and lateral (d, j) views. Color reflects displacement magnitude

(red/yellow = high/low displacement). Scale bars equal 2 mm.



TABLE CAPTIONS

Table 1. List of the material analysed. Collection number: FS, Freshly dissected sample from
specialized retailers; GD, Gheylen Daghfous personal collection; MS, Finnish Museum of
Natural History; UF:herp, University of Florida Herpetology. Skull length (in mm) measured
from the anterior end of the premaxillary to the posterior end of the basioccipital. Burrower and

cryptozoic categories are defined as in Scanferla (2016).

Table 2. Landmark descriptions defined in the study

Table 3. Standard deviations (o) for the three observers (MML, WK, and RA) and for pooled
data calculated for Blanus cinereus (MS.1285). The ranks indicate which landmarks are most
error-prone (low ranks) versus least error-prone (high ranks). The coefficient of variation (CV),
calculated from the average distance for which the landmark is an endpoint, is reported for each
landmark as a percentage. The values in boldface denote landmarks where either relative-error

measure exceeds 5%.

Table 4. Standard deviations (o) for the three observers (MML, WK, and RA) and for pooled
data calculated for Epicrates cenchria. The ranks indicate which landmarks are most error-
prone (low ranks) versus least error-prone (high ranks). The coefficient of variation (CV),
calculated from the average distance for which the landmark is an endpoint, is reported for each
landmark as a percentage. The values in boldface denote landmarks where either relative-error

measure exceeds 5%.

Table 5. Standard deviations (o) for the three observers (MML, WK, and RA) and for pooled

data calculated for Sphaerodactylus caicosensis (UF:herp:95971). The ranks indicate which



landmarks are most error-prone (low ranks) versus least error-prone (high ranks). The
coefficient of variation (CV), calculated from the average distance for which the landmark is
an endpoint, is reported for each landmark as a percentage. The values in boldface denote

landmarks where either relative-error measure exceeds 5%.

Table 6. Procrustes ANOVA for the hypothesis of covariation between endocast shape of
Blanus cinereus, Epicrates cenchria and Sphaerodactylus caicosensis and the three factors

tested (Observer, species, repetition). Significance test was based on 1000 iterations.

Table 7. Procrustes ANOVA for the hypothesis of covariation between endocast shape of all
squamates studied here and the three factors tested (Group, habitat, allometry) without
(procD.Im) and with (procD.pgls) consideration of phylogeny. Significance test was based on

1000 iterations.
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1 TABLE1l

- . Collection Habitat Skull
Families Species Source References
number modes length
Sphaerodactylidae | Sphaerodactylus caicosensis | Morphosource | uf:herp:95971 | Terrestrial Reynolds (2011) 7.6
- . Macri et al. . Malonza and Bwong
Scincidae Melanoseps loveridgei (2019) FS Cryptozoic (2011) 9.6
Scincidae Lepidothyris fernandi Megglzt)al. FS Terrestrial Akani et al. (2002) 24.1
Blanidae Blanus cinereus M?ggle;t)al. MS.1285 Burrower Gil et al. (1993) 75
. . . Macri et al.
Amphisbaenidae Leposternon scutigerum (2019) MS.1196 Burrower Kearney (2003) 10.5
. Macri et al. . Telenchev et al.
Anguidae Pseudopus apodus (2019) MS.1586 Terrestrial (2017) 16.9
I . Macri et al. Semi- Lo
Tropiduridae Tropidurus torquatus (2019) MS.1995 arboreal Siqueira et al. (2013) 18.5
. . . Macri et al.
Typhlopidae Xerotyphlops vermicularis (2019) MS.2033 Burrower Afsar et al. (2016) 6.2
. . . Macri et al. . Andrade-Junior et al.
Boidae Epicrates cenchria (2019) FS Terrestrial (2020) 24.9
Colubridae Thamnophis sirtalis GD GD Unnumb | Terrestrial Burger et al. (2004) 14.5
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1 TABLE?
Number | Definition of landmarks

1 Anterior-most dorsal end of the endocast
2 Lateral-most extent of the cast of the olfactory bulbs and peduncles
3 Dorso-median extent of the cast of the olfactory bulbs and peduncles
4 Ventro-median extent of the cast of the olfactory bulbs and peduncles
5 Most lateral extent of the cast of the anterior cerebral hemispheres
6 Most dorso-median extent of the cast of the anterior cerebral hemispheres
7 Most ventro-median extent of the cast of the anterior cerebral hemispheres
8 Most ventro-median extent of the endocast at the posterior margin of the optic nerve foramen
9 Lateral-most extent of the cast of the cerebral hemispheres
10 Dorso-median extent of the cast of the cerebral hemispheres
11 Most lateral extent of the endocast at the anterior end of the anterior semicircular canal
12 Most dorso-median extent of the endocast at the anterior end of the anterior semicircular canal
13 Ventral most extent of the diencephalic cast
14 Cast of the mesencephalic flexure
15 Dorso-median extent of the endocast between the endosseous labyrinths
16 Lateral most extent of the endocast at the level of the endolymphatic foramen
17 Most ventro-median extent of the rhombencephalic cast
18 Lateral-most extent of the posterior end of the endocast
19 Most dorso-median extent of the posterior end of the endocast
20 Most ventro-median extent of the posterior end of the endocast




1  TABLES3

MML WK RA Pooled data
Landmarks
y Rank Cv ¢ |Rank| CV G Rank | CV G Rank Ccv
1 0.018 12 191% | 0.006 | 20 | 0.67% |0.013| 10 |117% |0.023| 12 2.27%
2 0.100 1 |1196% |0.061| 1 |[7.48% [0.026| 3 |3.06% |0.087 | 1 10.46%
3 0.099 2 |13.06% | 0.060| 2 |803% |0020| 6 |263%]|0085| 2 11.25%
4 0.097 3 |12.24% | 0059 | 3 |7.65% |0020| 5 |260% |0.084| 3 10.69%
5 0.031 9 2.81% |0.013| 12 | 1.18% |0.016| 8 |1.60% |0.024| 11 2.25%
6 0.027 10 2.37% | 0.013 | 13 1.13% | 0.011| 13 |1.02% | 0.021| 13 1.92%
7 0.025 11 3.77% | 0.011| 15 158% | 0.011| 12 |1.87% |0.021| 14 3.22%
8 0.043 4 2.46% | 0.017 9 0.99% | 0.008 | 17 | 0.46% | 0.034 7 1.99%
9 0.039 5 2.84% | 0.031 6 2.31% | 0.029 2 2.08% | 0.039 5 2.84%
10 0.033 8 2.42% | 0.023 7 1.67% | 0.026 4 1.87% | 0.031 9 2.27%
11 0.015 14 1.35% | 0.039 4 3.38% | 0.016 9 1.38% | 0.035 6 3.04%
12 0.011 18 0.96% | 0.006 | 19 0.56% | 0.005| 20 | 0.45% | 0.009 | 18 0.81%
13 0.038 7 3.17% | 0.018| 8 157% | 0.019| 7 |158% |0.032| 8 2.70%
14 0.013 17 0.96% | 0.010| 16 0.74% | 0.011| 11 | 0.86% | 0.013 | 16 1.01%
15 0.008 19 0.62% | 0.007 | 17 0.49% | 0.008 | 16 | 0.59% | 0.008 | 20 0.60%
16 0.007 | 20 05% |0.007| 18 | 0.48% | 0.006 | 19 |0.43% |0.009| 19 0.66%
17 0.014 15 13% |0.013| 11 1.14% | 0.032 1 2.94% | 0.027 | 10 2.46%
18 0.038 6 3.63% | 0.036 5 3.71% | 0.010 | 14 | 1.01% | 0.048 4 4.79%
19 0.017 13 2.09% | 0.014| 10 1.75% | 0.010 | 15 |1.27% | 0.014| 15 1.78%
20 0.013 16 1.32% | 0.012 | 14 1.20% | 0.008 | 18 | 0.80% | 0.013| 17 1.33%




1 TABLEA4

MML WK RA Pooled data
Landmarks
c Rank Cv c Rank | CV c Rank | CV c Rank Ccv
1 0.054 11 3.03% | 0.064 6 3.56% | 0.025 14 1.39% | 0.059 13 3.29%
2 0.057 10 2.24% | 0.043 13 1.71% | 0.052 11 2.02% | 0.059 12 2.33%
3 0.087 4 4.00% | 0.060 8 2.73% | 0.073 3 3.34% | 0.076 7 3.49%
4 0.061 8 2.62% | 0.053 11 2.25% | 0.056 9 2.42% | 0.062 10 2.66%
5 0.047 13 1.44% | 0.032 16 0.98% | 0.018 17 0.56% | 0.060 11 1.84%
6 0.033 19 1.09% | 0.027 18 0.88% | 0.016 18 0.52% | 0.044 17 1.43%
7 0.047 12 1.86% | 0.037 15 1.47% | 0.025 13 1.00% | 0.055 15 2.18%
8 0.102 2 2.63% | 0.093 1 2.42% | 0.073 4 1.88% | 0.098 3 2.52%
9 0.093 3 2.01% | 0.071 4 1.57% | 0.057 8 1.25% | 0.088 5 1.91%
10 0.084 5 2.03% | 0.065 5 1.58% | 0.052 10 1.27% | 0.074 9 1.80%
11 0.043 14 1.42% | 0.054 10 1.84% | 0.079 2 2.66% | 0.150 1 5.07%
12 0.073 6 2.31% | 0.026 19 0.80% | 0.013 20 0.38% | 0.055 14 1.71%
13 0.105 1 4.16% | 0.039 14 1.51% | 0.087 1 3.50% | 0.084 6 3.36%
14 0.039 18 1.15% | 0.023 20 0.69% | 0.022 15 0.67% | 0.037 19 1.12%
15 0.029 20 0.81% | 0.048 12 1.36% | 0.019 16 0.54% | 0.035 20 0.99%
16 0.057 9 1.81% | 0.080 2 2.60% | 0.057 7 1.86% | 0.108 2 3.49%
17 0.042 16 1.13% | 0.061 7 1.62% | 0.057 6 1.53% | 0.075 8 2.00%
18 0.063 7 2.70% | 0.078 3 3.40% | 0.058 5 2.58% | 0.095 4 4.14%
19 0.042 15 1.97% | 0.058 9 2.67% | 0.033 12 1.53% | 0.051 16 2.39%
20 0.040 17 1.65% | 0.031 17 1.24% | 0.014 19 0.61% | 0.039 18 1.61%




1  TABLES

MML WK RA Pooled data
Landmarks
c Rank Cv c Rank | CV c Rank | CV c Rank Ccv
1 0.022 10 5.30% | 0.011 9 2.45% | 0.007 15 1.72% | 0.022 9 5.25%
2 0.016 13 1.96% | 0.010 12 1.19% | 0.010 10 1.21% | 0.014 14 1.67%
3 0.016 14 2.04% | 0.007 15 0.93% | 0.009 12 1.12% | 0.012 16 1.49%
4 0.016 12 2.06% | 0.009 13 1.09% | 0.012 8 1.43% | 0.014 13 1.70%
5 0.046 1 5.08% | 0.023 2 2.59% | 0.018 2 1.91% | 0.044 2 4.82%
6 0.038 6 4.73% | 0.017 5 2.11% | 0.012 7 1.39% | 0.036 4 4.43%
7 0.040 4 4.51% | 0.018 4 1.93% | 0.013 6 1.39% | 0.038 3 4.19%
8 0.043 2 3.86% | 0.035 1 3.08% | 0.009 13 0.81% | 0.051 1 4.59%
9 0.042 3 3.66% | 0.014 6 1.25% | 0.014 5 1.32% | 0.036 5 3.18%
10 0.038 5 3.87% | 0.007 17 0.69% | 0.010 11 1.03% | 0.026 8 2.66%
11 0.037 7 3.11% | 0.023 3 1.96% | 0.018 3 1.52% | 0.029 6 2.52%
12 0.008 20 0.63% | 0.006 18 0.55% | 0.007 16 0.57% | 0.007 20 0.62%
13 0.026 9 3.74% | 0.011 7 1.67% | 0.006 17 0.91% | 0.021 10 3.11%
14 0.014 15 1.42% | 0.008 14 0.87% | 0.016 4 1.65% | 0.028 7 2.91%
15 0.013 17 0.95% | 0.010 11 0.76% | 0.005 20 0.40% | 0.010 18 0.77%
16 0.028 8 2.29% | 0.007 16 0.58% | 0.011 9 0.90% | 0.021 11 1.70%
17 0.012 18 1.02% | 0.011 10 0.91% | 0.021 1 1.78% | 0.017 12 1.46%
18 0.013 16 1.65% | 0.011 8 1.40% | 0.008 14 1.03% | 0.011 17 1.44%
19 0.018 11 2.81% | 0.004 20 0.64% | 0.006 18 0.92% | 0.012 15 1.83%
20 0.010 19 1.16% | 0.006 19 0.72% | 0.005 19 0.63% | 0.010 19 1.17%




TABLE 6

Models Df SS MS Rsq F VA p
Observer 2 0.006 0.003 0.004 4.705 2.520 0.006

Species 2 1.479 0.739 0.961 | 1147.259 | 14.269 0.001
Repetition 9 0.006 0.001 0.004 0.954 -0.117 0.534
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TABLE 7

Models

Df

SS

MS

|_Rsq

F YA p
procD.Im
Group 2 0.090 0.045 0.425 4.420 2.328 0.006
Habitat 2 0.070 0.035 0.332 3.445 2.003 0.013
Allometry 1 0.011 0.011 0.051 1.053 0.185 0.423
procD.pgls

Habitat 2 0.38545 | 0.192726 | 0.4119 2.3748 | 1.50599 0.068
Allometry 1 0.0634 | 0.063402 | 0.06775 | 0.7812 | 0.07318 0.463




