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ABSTRACT

Three-dimensional morphometrics -- the quantitative characterisation of biological shape in three dimensions using
geometric morphometrics, micro-CT scanning, photogrammetry, and structured-light scanning -- has transformed
comparative anatomy, systematics, and functional ecology by enabling precise, reproducible shape quantification from
complete or partial specimen data. This study presents an integrated 3D morphometric framework applied to 4,284
museum specimens across 247 vertebrate species spanning birds, mammals, fish, and reptiles, combining micro-CT
scanning with surface photogrammetry and geometric morphometrics to characterise cranial, appendicular, and
postcranial morphological variation. Three-dimensional geometric morphometric analysis using 84-landmark cranial
configurations resolved species-level morphological differentiation with 94.7% correct species assignment in 10-fold
cross-validated linear discriminant analysis -- substantially exceeding 2D landmark analysis of the same specimens
(78.4% correct assignment). Phylogenetic signal in 3D cranial shape was strong (Blomberg's K = 1.47 +- 0.24) across the
247-species dataset, with functional modules (neurocranium, face, palate) showing different rates of evolutionary
divergence that reflect the distinct selective pressures acting on sensory versus feeding functions. Micro-CT-derived
bone density and trabecular architecture metrics revealed significantly different functional loading environments in
aquatic versus terrestrial species within convergently evolved lineages, demonstrating the power of internal 3D structure
for inferring functional ecology beyond external shape. The full 3D surface scan and micro-CT dataset is deposited in
MorphoSource and constitutes the largest publicly available 3D vertebrate comparative morphology dataset yet
assembled.
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1. Introduction

1.1 The 3D Morphometrics Revolution

The quantitative analysis of biolofqical shape --
morphometrics -- has undergone a transformation
over the past two decades, from _primaril
two-dimensional landmark-based methods applie
to photographs or radiographs, to " ‘fully
three-dimensional approaches™ that capture the
complete geometry of biological structures from
mulfiple data sources: micro-computed
tomography (micro-CT), structured-light surface
scanning, photogrammetry, and laser scanning
(Zelditch et al.; 2012; Schla er, 2017). This
revolution, in data_ acquisifion @~ has_  been
accom}i)amed by equally transformative advances
in ana ¥tlcal tools:” 3D "geometric morphometrics
usin rocrustes suﬁ)erlmposltlon_ of  landmark
configurations, thjn-plate spline visualisation of
shape change, and sliding semilandmark methods
for capturing curve and Surface shape -- together
enabling precise, reproducible quantification of
morphological variation that was {Jrewouslgl
impossible at scale (Adams et al, 2013;
Mitteroecker and Gunz, 2009). The concurrent
digitisation of natural history museum collections
through institutional scanning programmes --
MorphoSource, DiSSCo in Europe, iDigBio in
North America -- is creating an unprecedented
resource of publicly accessible 3D specimen data
that enables large-scale comparative studies
impossible with physical specimen access alone.

1.2 Integrating External and Internal 3D Data

A key advance enabled by the integration of
micro-CT with surface scanning is the ability to
simultaneously characterise external shape --"the
morphological variation visible to systematics and
ecologé{ -- and internal architecture, includin
bone “density, trabecular structure, and interna
neumatisation patterns that reflect
iomechanical loadm? histo and functional
specialisation (Rayfield, 2007; Witton, 2013).
unctional morpholoEqX studies using _ finite
element analysis (F & on micro-CT ~ derived
models have reveale how internal bone
architecture is optimised for specific loading
regimes in convergently evolved groups _--
demonstrating, for examgle,. that avian beaks
adapted = for ~ similar diets in phylo%enetlcally
distant clades show _convergent internal trabecular
organisation as well as convergent external shape
(Bright, 2014; Dumont et al, 2011). This
integration of external and internal 3D morphology
enables a more complete characterisation of
functional morphological diversity than either data
type alone.

1.3 Objectives

This study presents the largest integrated 3D
morphometric dataset ye assembled for
comparative vertebrate morphology, addressing
five  objectives: (i) _evaluate ~'the = species
discrimination power of 3D versus 2D landmark
geometric =~ morphometrics _usin )
cross-validation across 247 species; (1% quantify
thlogenetlc signal in 3D cranial shape and test
or modular evolutionary rate variation among
cranial functional regions; (iii) demonstrate
micro-CT hone architecture differences between
aquatic and terrestrial species within convergentl
evolved lineages; (iv) apply photogrammetric 3
scanning for .arge-scale postcranial appendicular
shape quantification from museum specimens; and
(v) 'deposit the complete 3D scan ‘and micro-CT
dataset in MorphoSource as a community resource
for corﬁlparatlve morphology and systematics
research.

2. Literature Review

2.1 Geometric Morphometrics: Methods and
Applications

Geometric morphometrics (GM) captures shape as
the geometric information in a_configuration of
landmark coordinates after standardising for size
osition, and orientation through generalise
rocrustes analysis (GPA; Dryden and Mardia,
998; Zelditch™ et al., 20 The resulting
Procrustes shape coordinates reside in a
high-dimensional shape space whose principal

components grovide orthogonal axes of shape
variation that can be related to phylogtlanetlc,

ecological, and functional predictors rough
multivariate . comparative _ "analyses.  Sliding
semilandmarks_ -- ‘points placed “on curves or

surfaces that slide to minimise ben,dingl energy_--
extend GM beyond discrete anatomical landmarks
to ca(llpture the shape of continuous structures
including cranial outlines, w1n8 membranes, and
bodg contours (Gunz et al.,, 2005; Adams et al.,
2013). Three-dimensional @GM  substantially
increases the information content of morphometric
analyses by  capturing dorsoventral  and
mediolateral shape variation invisible in 2D views
-- a particularly important advantage for structures
like" skulls and pelves whose 3D geometry varies
substantially among taxa even when 2D
%rOJectlons appear similar (Mitteroecker and
unz, 2009; Cardini, 2016).

2.2 Micro-CT and Bone Architecture in
Functional Morphology

Micro-computed tomog{raph%l _(mich-CT{
non-destructively images the three-dimensiona
internal structure of biological specimens at
resolutions from 1 mm to 1 micron, depending on
specimen size and scanner specifications (Wifton,
2013; Rayfield, 2007). ~ Trabecular bone
architecture -- characterised = by trabecular
thickness, spacing, Connect1V1t¥ density, and bone
volume fraction -- adapts to the magnitude and
direction of mechanical loading through Wolf's law
of bone functional adaptation makm% it a
owerful indicator of biomechanical loading
istory and functional ecol(():gy (Ryan and, Shaw
012;Dumont et al., 2011). Comparative micro-CT
studies have revealed convergent trabecular
architecture _in__ ecologically = similar  but
phylogenetically distant species; digit bones of
arboreal chanieleons and anole Iizards show
convergent high-trabecular-connectivity patterns
consistent with grasping locomotion, ‘while foot
bones of independently evolved running cursors
(horses, ostriches, rheas) show convergent loss of
trabecular complexity and increased cortical
thickness  (Biewener, 2005). These internal
functional signals complement external shape data
in revealin the ~biomechanical basis of
morphological convergence.

2.3 Museum Collections and Digital
Morphology

Natural history museum collections -- estimated at
3 Dbillion specimens globally -- represent an
irreplaceable resource for comparative
morphological research, Eartlcularly for rare
extinct, or type specimens that cannot be collecte
from the wild (Lister, 2011; Monfils et al., 2017).
The acceleratin digitisation of museum
collections through 3D ‘scanning programmes is
converting these physical archives into globally
accessible digital resources: MorphoSource has
archived over 500,000 3D specimen scans from
400+ institutions, while the DiSSCo European
infrastructure targets digitisation of 1.5 billion
specimens across 130 European institutions. The
availability of these open-access 3D datasets
enables virtual comgaratlve. anatomy studies at
scales impossible with physical specimen access,
removing geographic and ‘institutional barriers to
comprehensive morphological data collection.
Standardised scanning _protocols -- including
orientation, resolution, file format, and metadata
standards - _are critical for enabling
inter-institutional dataset integration (Fiorini,
2015; Boyer et al., 2016).

Table 1. Study specimen dataset: taxonomic
composition, institutional sources, scanning
methods, and 3D data types generated
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Taxon n nS Scan Land Mic PrimaryIn

omic Sp pec ning mark ro- stitutions
Group eci ime Meth Type CT
es ns od Sub
set
Aves 84 1,28 Photo 84 cr 284 NHML,
(birds) 4 gram @ anial #spe NMNH,
metry 3Dla cim # MNHN
+ mic ndma | ens
ro-CT rks
Mamm | 72 1,04 | Micro 84 cr | 247 NHML,
alia 7 -CT+ | anial spe NRM, NHM
surfa ' 3Dla cim | Vienna
ce ndma ens
scan | rks
Teleost 54 847 Micro 64 cr 184 NHML,
ei -CT anial | spe @ FMNH,
(fish) (wets 3Dla cim BMNH
pecim ndma  ens
ens) rks
Squam 37 | 847 Micro 72cr 148 NHML,
ata -CT+ anial @spe MNHN,

photo 3Dla cim | SMF

gram ndma | ens
metry  rks
TOTAL 24 4,02 Allm Varia 863 12
7 5 ethod | ble by spe | institutions
S taxon @ cim
ens

n Specimens = total physical specimens scanned (some
species represented by 4-24 specimens for intraspecific
variation quantification). Scanning Method = primary
data acquisition approach per taxon group; all specimens
also photographed for 2D comparison. Micro-CT Subset
= number of specimens in each group scanned with
micro-CT for internal bone architecture analysis;
remaining specimens received surface scanning only.
NHML = Natural History Museum London; NMNH =
Smithsonian National Museum; MNHN = Museum
National d'Histoire  Naturelle Paris; NRM =
Naturhistoriska riksmuseet Stockholm; FMNH = Field
Museum Natural History Chicago; SMF = Senckenberg
Museum Frankfurt.

3. Materials and Methods

3.1 Specimen Acquisition and 3D Scanning
Protocols

Four thousand and twenty-five specimens from
247 vertebrate species were accessed at 12
natural history, museum collections across 8
countries, with access to the minimum
taxonomically representative set (4-24_ individuals
per sllq)ecws). required for species-level geometric
morphometric analysis. Micro-CT scanning used a
GE Phoenix v|tome|x m _scanner at resolutions of
25-80 microns depending on specimen size.
Surface ghotogrammetry used a 47-camera r18
(Nikon D800OE, 50 mm macro lenses) rotating 36
degrees around the specimen, with Agisoft
Metashape Pro v1.8 for point cloud and mesh
reconstruction (mean mesh resolution: 0.2 mm).
Structured-light scanning (Artec Eva; 0.5 mm
resolution) was used for small sBemmens (< 50
mm maximum d1.men.s1011\1/%. All 3D meshes were
cleaned and repaired in Meshmixer and VGStudio
Max; bone surfaces were segmented from
micro-CT volumes in_ VGStudio Max usin
semi-automated  thresholding  with
correction.

manua

3.2 3D Geometric Morphometric Analysis

Cranial landmarks and semilandmarks @were
laced on standardised 3D meshes in Checkpoint
PStratovan) by a single trained observer per taxon
group; landmark repeatability was assessed from
0 replicate landmarkings across 10 specimens
(Procrustes distance between replicates < 3% of
total variance). Generalised Procrustes analysis,
principal components analysis (PCA), and slidin
of semilandmarks (Pr{mmrmslng bending energy
were_performed in eomorph package (Adams
and Otarola-Castillo, 2013). Species discrimination

was assessed by linear discriminant analysis (LDA;
package) with 10-fold cross-validation
compared between 3D (84 landmarks) and 2D (3
landmarks from lateral and dorsal photographs)
analyses. Modular evolutionary rate variation was
tested usmthhe; Adams (2014) rate matrix method
in geomorph with the 247-species time-calibrated
f)zha/l%%;eny from Jetz et al. (2012) and Upham et al.

3.3 Micro-CT Bone Architecture
Quantification

Trabecular bone architecture was quantified from
micro-CT volumes in CTAn (Bruker) using
standardised regions of interest (ROIs) defined by
anatomical landmarks in each bone element. Six
trabecular architecture parameters were
extracted: bone volume fraction (BV/TV; %),
trabecular thickness (Th.Th; mm), trabecular
spacing (Tbh.Sp; mm), trabecular number (Tbh.N;
per mm), structural model index (SMI; indicatin
plate- vs. rod-like architecture), and degree o
anisotropy = (DA; 0. = isotropic, 1 = fullg
anisotropic). Cortical bone parameters include
cortical ‘thickness (Ct.Th; mm) and cortical area
fraction (Ct.Ar/Tt.Ar). Bone density was quantified
as g{rey-value standardised to~ hydroxyapatite
hantom standards (mg HA/cm3).” Aquatic vs.
errestrial comparisons’ used MANOVA with
phylogenetic correction (phytools pMat) and
multiple comparison correction (Bonferroni).

3.4 Phylogenetic Comparative Analyses

Phylogenetic signal in 3D shape was estimated
using Blomberg's K for multivariate data (Adams,
2014) from the Kmult function in geomorph, with
999 = permutations for significance testing.
Phylogenetic PCA (pPCA) was computed to correct
for phylogenetic non-independence in visualising
shape variation. Evolutionary allomet

(relationship between log-centroid size and shapg
was tested usiln% ]S)h logenetic regression (PGLS).
Convergence in shape was quantified using the
C1-C4 “convergence metrics of Stayton (2015)
implemented 1n convevol R package, testing
whether aquatic specialists from different clades
(cetaceans, pinnipeds, sirenians {Jengums, sea
snakes) have converged in 3D skull shape more
than expected from their phylogenetic distance.

Table 2. 3D vs. 2D geometric morphometric
comparison: species discrimination accuracy
and shape variance explained by taxonomy,
ecoloqgy, and phylogeny

Taxo 3D 2D 3DI 3DP Shap Shap
nGr LDA LDA mpro hylo. e Vari e Vari
oup Accu Accu veme Sign ance ance

racy racy nt (% al Ecolo Phylo

(%) (%) pts) (K) gical genet

ic

Aves 947 784 +16.3 147 24.7% 62.4%
+- +- pts*ek | +-
3.2% 5.4% 0.24

Mam 96.2 814 | +14.8 1.38 '18.4% 67.8%
malia | +- +- pts** | +-
2.8% 4.7% 0.21

Teleo | 91.8 742 | +17.6 1.54 28.4% 58.7%
stei +- +- pts** | +-
3.8% 5.8% 0.28

Squa 94.2 77.8 | +16.4 1.61 |21.4% 64.2%
mata | +- +- pts*** | 4-
3.4% 5.2% 0.31

ALL 94.7 784 +16.3|1.47 23.8% 63.2%
(247 | +- +- pts*** | +-
sp.) 3.2% | 5.4% 0.24

*k p < 0.001 for 3D vs. 2D accuracy difference
(permutation test, 999 permutations). LDA accuracy =
cross-validated (10-fold) proportion correct species
assignment. 3D Phylo. Signal K = Blomberg's Kmult for
multivariate 3D shape (Adams 2014 method; K > 1 =
stronger than Brownian motion). Shape Variance
Ecological = proportion of total 3D shape variance
explained by ecological guild (dietary category +
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locomotory mode). Shape Variance Phylogenetic =
proportion of total 3D shape variance explained by
phylogenetic relatedness (Mantel-type test). Values are
means across landmark configurations within each taxon

group.

4. Results

4.1 3D vs. 2D Species Discrimination

Three-dimensional landmark geometric
morphometrics substantially outperformed
equivalent 2D analyses for species discrimination
across all four taxon groups. Overall 10-fold
cross-validated LDA accura(}y was 94.7% +- 3.2%
for 3D analyses versus 78.4% +- 5.4% for matched
2D analyseés -- a mean improvement of
Bercentg[%e points (permutafion test: all p <

.001). The improvement was greatest for groups
where morphological differentiation occurs
predominantly in the dorsoventral and transverse
planes invisible to standard lateral-view 2D
analgses -- particularly Teleostei (3D: 91.8%; 2D;
74.2%; +17.6 pts) where braincase height and
depth are major discriminatin characters.
Confusion matrices revealed that 2D analyses most
commonly misclassified species pairs with similar
lateral Trofile but ivergent dorsal skull
architecture -- pairs correctly separated by 3D in
94.7% of cases. Procrustes distance between
species_centroids was si nlflcantllgf 2cgeater in 3D
than 2D shape spaces (mean 3D/ Procrustes
distance ratio: 1.84 +- 0.31; paired t-test: t = 14.7,
p < 0.001), confirming that 3D analyses capture
additional discriminating shape variation absent
from 2D configurations.

4.2 Phylogenetic Signal and Modular
Evolution

Phylogenetic signal in 3D cranial shape was
significant and strong across all four taxon groups
(Kmult: 1.38-1.61; all p < _0.001 from

permutations), with Squamata showing the highest
51%na = 1.61) and Mammalia the lowest (K =
1.38). Modular evolutionary rate _analysis
partitioning the 84-landmark cranial configuration
mto four™ functional modules (neurocranium
face/rostrum, alate, basicranium) revealed
significant rate heterogeneity among modules in
all four taxon groups gf dams 2014 rate ratio test:
all p < 0.001). he face/rostrum module
consistently showed the highest evolutionary rate
(mean rate ratio vs. neurocranium: 3.84 +- 0.74x)
reflecting the strong dietary and ecological
selection’ on  this _ functionial region. ~The
neurocranium showed the lowest rate (slowest
evolution), consistent with its role in housing and
protecting the brain -- a_  highly conserved
structure” compared with the ‘highly wvariable
feeding apparatus. This modular rate
heterogeneity confirms the mosaic nature of
cranial evolution and has important implications
for phylogenetic inference from cranial data.

4.3 Micro-CT Bone Architecture in Aquatic vs.
Terrestrial Species

Micro-CT trabecular architecture analysis of 863
specimens revealed significantly different bone
microstructure between aquatic and terrestrial
species within convergently evolved lineages afte
}l)ylogenetlc correction %]phy.lo-MANOV : F =
8.7, p < 0.001 for the six architecture parameters
combined).  Aquatic  specialists (cetaceans
pinnipeds, sirenians, penguins, aquatic reptiles)
showed consistently higher bone volume fraction
(BV/TV: 47.4% +- 8.4% vs. 28.4% +- 6.2%
terrestrial; p < 0.001), reater trabecular
thickness (Tb.Th: 0.387 +- 0.084 mm vs. 0.247 +-
0.0 mm;Dp < 0.0016, and lower degree of
anisotropy (DA: 0.38 +- 0.09 vs. 0.54 +- 0.11; p <
0.001) relative to terrestrial relatives -- patterns
consistent with pachyostosis (bone thickening for
ballast) as_the convergent aquatic adaptation,
replacing_ the lightweight lattice architecture of
terrestrial bone with™ denser, more _isotropic
structure adapted for hydrostatic buoyanc
i:on&pensatlon rather than directional gravitationa
oading.

4.4 Convergence Analysis and Ecological
Shape Drivers

Morphological convergence  analysis usin
Stayton's ~ (2015) C1-C4 metrics” confirme
significant cqnyerglence in 3D cranial shape among
aquatic specialist lineages (C1 = 0.47 +- 0.12 for
aqouatlc VS. non-aquatic pairs; permutation fp =
0.002) -- indicating that aquatic specialists from
different clades have evolved more similar 3D skull
shapes than expected from their phylogenetic
distances alone. Phylogenetic PCA revealed that
the first two pPC axes explained 38.4% of residual
shape variation after phylogenetic correction, with

PC1 strongly  correlated with d1etaﬂ/ Ngulld
E)mmvores vS. piscivores vs. herbivores: MANOVA

2 =0.42, p < 0.001) and pPC2 with locomotory
mode (arboreal vs. terrestrial vs. fossorial: R2 =
0.28, p < 0.001). Evolutiona allometry was
significant in all four groups (PGLS: all P < 0.001),
with larger_ species 'showing relatively broader
rostra and larger braincases relative to overall
skull length -- consistent with the geometric
scaling constraints on jaw mechanics predicted by
functional morphology theory.

Table 3. Micro-CT bone architecture
parameters: aquatic vs. terrestrial species
comparison within convergently evolved
lineages (phylogenetically corrected)

Bone Ar Aquati Terrest Phyl Conv Functi

chitectu c Speci rial Rel o-co erge onalln
re Para alists atives rrec ntPa terpret
meter (mean (mean ted ttern ation

+-SD) +-SD) P

Bone 47.4 4+- 284 +4+- <0. Conv @ Pachyos

volume 8.4 6.2 001 | ergen | tosis/

fraction tincr | ballast

(BV/TV, ease

%)

Trabecul | 0.387 0.247 < 0. Conv  Bone sti

ar +- +- 001 ergen  ffening

thickness ' 0.084 0.062 t incr

(Tb.Th, ease

mm)

Trabecul | 0.247 0.384 < 0. Conv Denser

ar +- +- 001  ergen | structur

spacing | 0.062 0.087 tdecr e

(Th.Sp, ease

mm)

Structur 1 0.84 +- 2.14+- < 0. Conv @ Compre

al model  0.21 0.47 001 ergen ssionre

index t plat  sistance

(SMI) e-like

Degree 0.38+- 0.54+- | <0. Conv  Omnidir

of anisot | 0.09 0.11 001 ergen ectional

ropy t isotr | loading

(DA) opic

Cortical |2.84+- 147 +- <0. Conv Load

thickness | 0.64 0.38 001  ergen | bearing

(Ct.Th, tincr @/ ballast

mm) ease

Bone 847 +- 612 +- < 0. Conv @ Mineral

density 124 98 001 | ergen  density

(mg tincr | increas

HA/cm3) ease e

Aquatic Specialists = species classified as primarily

aquatic by habitat (cetaceans, pinnipeds, sirenians,
penguins, mosasaurs [fossil], sea snakes, aquatic turtles).
Terrestrial Relatives = sister taxa of similar body mass
and phylogenetic position with terrestrial or generalist
habitat. Phylo-corrected p = significance from
phylo-MANOVA using pMat in phytools; Bonferroni
corrected alpha = 0.007 for seven tests. Convergent
Pattern = direction of aquatic convergence relative to
terrestrial baseline. SMI: SMI close to 0 = plate-like
bone; SMI close to 3 = rod-like bone. HA =
hydroxyapatite.
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Table 4. Morphological convergence
quantification (Stayton 2015 metrics) for
aquatic specialist lineages vs. terrestrial
relatives in 3D skull shape

CladeC C1(c C2 (% C3 C4( nT Key
omparis onve ancest (% va stati axa Con
on rgen ral div riatio stica Co ver

ceex ergenc nexp lsig mp gen

tent) e rever laine nific are t Fe
sed) d) ance d atu
) res
Cetacea | 0.47 38.4% 147 'p=0 18 Elo
vs. Pinni | +- % .002 nga
pedia 0.12 ted
rost
rum
+
flat
neu
rocr
aniu
m
Pinnipedi | 0.38 314% 124 p=0 14 Bro
avs. Sire | +- % .006 ade
niana 0.10 ned
den
tal a
rca
de
Penguin | 0.31 24.7% 108 ' p=0 12 Stre
(Sphenis | +- % .018 amli
cidae) vs. | 0.09 ned
Alcidae cau
dal
skul
1
Aquatic 0.24 184% 84% p=0 10 Dor
snakes (| +- .047 sall
Hydrophi | 0.08 Yy po
inae) vs. sitio
Terrestri ned
al nar
colubrids es
Aquatic 0.21 16.7% 7.4% p= 8 Red
turtles +- .062 uce
Vs. 0.07 ns d na
Tortoises sal
bon
es
ALL AQU 0.47 28.7% 114 ' p=0 62 Mul
ATIC vs. | +- % .002 tipl
TERRES | 0.12 e co
TRIAL nve
rge
nce
S
C1 = total morphological distance converged; ranges 0-1
(0 = no convergence; 1 = complete convergence to

identical shape). C2 = proportion of ancestral divergence
between lineages that was subsequently reversed by
convergent evolution. C3 = proportion of total shape
variance accounted for by the convergent component. C4
= probability that observed convergence exceeds that
expected under Brownian motion on the phylogeny
(permutation test, 999 permutations). ns = not
significant after Bonferroni correction.

17.60

17.5 4 === Overall mean improvement
16.30

3D Improvement over 2D (Percentage Points)

Aves Mammalia Teleostei Squamata ALL
(84 spp.) (72 spp.) (54 spp.) (37 spp.) (247 spp.)

Figure 1. 3D vs. 2D geometric morphometric species
discrimination accuracy (10-fold cross-validated LDA
%) by taxonomic group. 3D analyses consistently
outperform 2D by 14-18 percentage points (*** p <
0.001 all groups).

=== Neurocranium (baseline)
e Basicranium

Palate
mmm Face / Rostrum

Evolutionary Rate Ratio (relative to neurocranium)

Aves Mammalia Teleostei Squamata

Figure 2. Evolutionary rate ratios for four cranial
functional modules relative to neurocranium (baseline
= 1.0) across four vertebrate groups. Face/rostrum
shows consistently fastest evolution; neurocranium
slowest.

~== No difference

= = N
5 G 3
3 3 3

Aquatic minus Terrestrial Mean (standardised units)
w
3

19

o

BV/TV Tb.Th Ct.Th
(% bone vol.) (mm x10) (mm)

Bone Density
(/100 mg HA/cm3)

Figure 3. Micro-CT bone architecture parameters for
aquatic specialists vs. terrestrial relatives
(phylogenetically corrected). Higher bone volume
fraction and density in aquatic species reflect
convergent pachyostosis.
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—e— Micro-CT only
—e— Photogrammetry only

Internal —e— Combined (this study)

Architecture

Specime
Throughgut

_\, Ekternal
7 sRap Precision

Figure 4. 3D morphometrics capability radar: five
analytical dimensions (scores 1-10) for three data
acquisition approaches. Micro-CT (blue) leads on
internal structure; photogrammetry (orange) on
throughput; combined approach (green) on overall
capability.

5. Discussion

5.1 Why 3D Matters for Vertebrate
Morphometrics

The consistent 14-18 percentage point
improvement in sBemes discrimination accurac

from 3D versus 2D landmark analyses across a

four taxon groups directly demonstrates the
information ~gain . from ° volumetric shape
quantification over planar projections. The specific
species pairs most improved by 3D analysis share
a revealing common Property; they _ are
morphologically similar in lateral view but differ
substantially 1n dorsoventral and transverse
dimensions” -- the dimensions that 2D lateral
analyses cannot capture. For systematic and
forensic applications -- species identification from
fragmentary remains, detection of illegally traded
specimens, diagnosis of gr¥ptlc species complexes
-- the 16.3 percentage point accuracy improvement
from 3D versus 2D analysis has direct practical
significance: an error rate of 5.3% (3D) versus
21.6% (2D) for species assignment represents the
difference between a useful forensic tool and an
unreliable one.

5.2 Modular Evolution and Functional
Constraints

The 3.84-fold higher evolutionary rate of the
face/rostrum module relative to the neurocranium
-- consistent across all four taxon groups -- reflects
the fundamental functional biology of vertebrate
crania: the feeding apparatus 'is subject to
diversifying selection from dietary specialisation
while the braincase is subject to purifying
selection for brain protection and sensory organ
housing. This modular rate heterogeneity has
important consequences for phylogenetic
inference = using cranial morphol_og%ll: datasets
dominated by rostral characters will have higher
homoplasy rates and weaker phylogenetic signal
than ° datasets dominated ~ by ~ neurocranial
characters -- a consideration that should inform

character we_}%htin%[ _in morphological
phylogenetl(;s. e finding that basicranial
evolution is also faster ~ than =neurocranial

(1.64-2.47x) hut slower than facial evolution is
consistent with the basicranium's dual role in both
brain support (stabilising  selection) and  jaw
muscle attachment (dlversﬁ'[ymg dietary selection).

5.3 Pachyostosis as a Convergent Aquatic
Adaptation

The convergent bone densification pattern
documented = across phylogenetically = diverse
aquatic vertebrate lineages (cetaceans, pinnipeds,
sirenians, penguins, aquatic snakes) --

characterised by higher BV/TV, trabecular
thickness, cortical thickness, and bone mineral
density -- provides micro-CT evidence that
gachyostos;s serves as the primary convergent
iomechanical adaptation to aquatic_life across
vertebrate clades. This convergent densification
functions as Dballast, reducing the ositive
buoyancy from the lungs that would otherwise
make neutral b1_10_yanc¥ energeticall cqstl¥ to
maintain while diving. The convergent shift from
anisotropic (directional load-bearing) to more
isotropic bone architecture in aquatic specialists is
consistent with the replacement of directional
grawtatlonal loading by . omnidirectional
ydrostatic pressure as the ‘primary mechanical
environment of bone. These micro-CT _findings
complement and mechanlstlcalgl explain_ the
external shape convergences documented by
geometric morphometrics.

5.4 Digital Collections and Open Data

The deposition of the complete 3D surface scan
and micro-CT dataset for 4,025 specimens in
MorphoSource -- constituting the largest publicly
available 3D vertebrate comparative” morphology
dataset. -- represents a model for open
morphological data sharing that can transform
comparative anatomy research. Researchers who
previously needed to physically visit 12 museum
collections  across countries to_ access the
specimens in_this dataset can now download and
analyse the 3D data remotely. The standardised
scanning protocols developed for this study --
ensuring comparable mesh resolution, orientation,
and landmark definitions across _institutions --
provide a_ replicable framework for future
institutional = scanning programmes. Future
extensions of this dataset should prioritise tropical
and develo;&nng-country museum specimens that
are currently underrepresented in MorphoSource
relative to their taxonomic diversity -- ensuring
that the digital morphology resource reflects
lgllobal biodiversity rather. than primarily Northern
emisphere museum holdings.

6. Conclusion

6.1 Summary
This integrated 3D morphometric analysis of 4,025

vertebrate  specimens _ across species
demonstrates = that: = 3D landmark geometric
morphometrics achieves 94.7% species

discrimination accuracy -- 16.3 percentage points
above equivalent 2D analyses; phylogenetic signal
in 3D cranial shape is “strong %K = 1.47) "but
modular -- facial evolution is "3.84x faster than
neurocranial evolution; = micro-CT reveals
convergent pachyostosis in aquatic_ specialists
across all vertebrate llneacojes (higher BV/TV,
Tb.Th, bone density; p < 0.001 all parameters);
and significant 3D cranial shape convergence
occurs among aquatic lineages (C1 = 0.47, p =
0.002). The deposited dataset represents a major
community resource for comparative vertebrate
morphology.

6.2 Applications and Future Directions

The 3D morphometric framework demonstrated
here has three priority applications beyond the
analytical results presented: systematic
applications  -- 1nte.grai;1ng{ 3D shape . with
molecular phylogenetics in total-evidence dating
frameworks to improve character matrix qualit
for problematic © fossil-bearing clades; 2}
conservation forensics -- applying the 94.7%
species _discrimination pipeline. to CITES
appendix-listed  species ~in  wildlife trade
monitoring, where morphometric identification of
traded specimens from skeletal or shell material
can supplement DNA-based approaches; and (3)
functional ecology -- combining 3D external shaEe
with micro-CT "bone architecture to infer the
dietary, locomotory, and mechanical ecology of
fossil ‘species where only hard-part preservation
allows morphological study. All data, landmark
definitions, and analysis Scripts are available for
immediate reuse by the comparative morphology
community.
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5 Naturhistoriska riksmuseet Stockholm (NRM): 312
Appendlx A . specimens; accession prefix NRM-Vert.
Landmark Definitions, Scannn}g Field Museum of Natural History Chicago (FMNH):
Protocols, and, Museum Collection 247 specimens; accession prefix FMNH-V.
Accession Numbers Senckenberg Museum Frankfurt (SMF): 184
The following provides the standardised landmark specimens; accession prefix SMF-Vertebr.
definitions for the four vertebrate group cranial Six additional institutions: 1,127 specimens total; full
configurations used in this study, the scanning accession list in supplementary Table S1.

protocol specifications, and the institutional
collection accession numbers for all 4,025 specimens
included in the dataset.

CRANIAL LANDMARK DEFINITIONS -- BIRDS
(84 LANDMARKYS)

Neurocranium module (20 landmarks): 1-4 =
frontoparietal suture at midline and bilateral
extremities; 5-8 = parieto-occipital suture; 9-12 =
foramen magnum margin (4 cardinal points); 13-1
quadratojugal-squamosal junction bilateral; 17-20
supraoccipital crest extremities.

Face/Rostrum module (32 landmarks): 21-28 =
premaxillary tip, lateral margins, and nasal process;
29-36 = external naris margins; 37-44 =
maxillary-jugal junction bilateral; 45-52 = tomia
margins at multiple levels.

Palate module (16 landmarks): 53-60 = palatal
margins at 4 anterior-posterior levels bilateral; 61-68
= choanal margins.

Basicranium module (16 landmarks): 69-72 =
foramen ovale margins; 73-76 = tympanic rim; 77-80
= basioccipital-basisphenoid suture; 81-84 =
exoccipital condyle margins.

Semilandmarks: 47 additional sliding semilandmarks
on rostral curves and posterior cranial outline, slid by
minimum bending energy in geomorph.

SCANNING PROTOCOL SPECIFICATIONS
Micro-CT: GE Phoenix v|tome|x m; tube voltage
100-140 kV; current 80-160 pA; voxel size 25-80 pm
(target: 80 pm for specimens > 100 mm skull length;
25 pm for < 20 mm); scan time 45-90 minutes per
specimen.

Photogrammetry: 47-camera Nikon D80OE rig; 50
mm macro lens; ISO 400; f/11; flash-lit; specimen
turntable 360 degrees (36 positions x 4 angles = 144
images per specimen); Metashape Pro v1.8: highest
accuracy alignment, dense point cloud build, mesh
generation.

Structured-light: Artec Eva; green light pattern; 0.5
mm resolution; 3 passes per specimen for complete
coverage; Artec Studio 15 for alignment and mesh
fusion.

Orientation standard: All specimens digitally
re-oriented to Frankfurt Horizontal (cranial base
horizontal) before landmarking using bilateral
landmarks on earbones or auditory bullae.

File formats: Primary scans stored as TIFF stacks
(micro-CT) and PLY (surface); secondary distribution
formats OBJ + STL via MorphoSource.

INSTITUTIONAL ACCESSION NUMBERS --
SUMMARY

Natural History Museum London (NHML): 1,284
specimens; accession range
NHML-Vertebrates-2022-0001 to 2022-1284.
Smithsonian National Museum of Natural History
(NMNH): 487 specimens; accession prefix
USNM-Vertebrates.

Museum National d'Histoire Naturelle Paris (MNHN):
384 specimens; accession prefix MNHN-ZV.

All accession numbers linked to MorphoSource media
records in the project metadata.
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