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ABSTRACT

Three-dimensional imaging technologies -- micro-computed tomography (micro-CT), photogrammetry, structured light

scanning, and laser scanning -- have transformed morphometric analysis in zoology over the past decade by enabling

non-destructive capture of complete three-dimensional shape information from biological specimens at resolutions from

sub-millimetre (micro-CT) to whole-body surface (photogrammetry). Integration of these technologies with geometric

morphometric analytical frameworks -- generalised Procrustes analysis, principal components analysis of shape

coordinates, thin-plate spline deformation grids -- enables quantification of morphological variation at a level of

completeness and precision previously accessible only for 2D outlines or manually measured linear distances. This

methodological review and benchmark study evaluates the relative performance of four 3D imaging modalities across 18

zoological applications from micro-invertebrate morphology to large mammal skeletal analysis, testing precision,

accuracy, processing time, and cost-effectiveness on 247 specimens from 84 species across 18 higher taxa. Micro-CT

achieved the highest accuracy for internal and complex external morphology (mean landmark RMS error 0.024 mm) but

at the highest cost and longest processing time. Photogrammetry provided comparable external surface accuracy (0.047

mm) at 12.4% of micro-CT cost and 84.7% faster processing. A decision framework for modality selection based on

specimen size, target morphological complexity, available budget, and required precision is provided, with open-source

software recommendations for each application context.
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1. Introduction
1.1 The 3D Morphometrics Revolution
Morphometrics -- the quantitative analysis of
organismal shape -- has undergone two
methodological revolutions in the past
half-century: the 'morphometric synthesis' of the
1980s-90s that replaced univariate linear
measurements with multivariate landmark-based
geometric morphometrics (GMM); and the current
3D imaging revolution that replaces 2D
photographs and manually measured 3D
landmarks with complete three-dimensional
surface models capturing the full geometric
information of biological forms. The shift from 2D
to 3D morphometrics is not merely a technical
refinement -- it fundamentally changes which
biological structures can be studied and with what
precision. Internal anatomical structures
(previously accessible only by destructive
sectioning) are now routinely captured by
micro-CT. Complex 3D surfaces (the primate face;
the insect wing venation in three dimensions; the
coiled gastropod shell) can be analysed using
dense surface semi-landmark clouds that capture
geometric information far beyond what manual
landmark placement could achieve. The result is a
transformation of morphological research from a
data-sparse field limited by manual measurement
bottlenecks to a data-rich field limited primarily by
analytical capacity.

1.2 Four 3D Imaging Modalities
Four 3D imaging modalities are in current
zoological use: (i) micro-CT (micro-computed
tomography; X-ray attenuation-based volumetric
reconstruction; 0.01-0.3 mm voxel; captures
internal and external 3D geometry;
non-destructive); (ii) photogrammetry (multi-image
structure-from-motion 3D reconstruction from
overlapping photographs; 0.1-1 mm surface
accuracy for biological specimens; external
surface only; low cost; rapid workflow); (iii)
structured light scanning (projected fringe
patterns for high-accuracy surface capture;
0.05-0.2 mm; fast; external surface only; moderate
cost); and (iv) laser scanning (phase-shift or
time-of-flight; 0.1-1 mm; large objects; external
only). Each has a distinct performance profile that
determines its optimal application context in
zoological morphometrics -- but comparative
benchmarking across zoological specimen types
has not been systematically published.

1.3 Objectives

This study addresses four objectives: (i)
benchmark accuracy, precision, processing time,
and cost-effectiveness of four 3D imaging
modalities across 18 zoological applications; (ii)
quantify the morphometric information gain from
3D vs. 2D analysis for six specimen types; (iii) test
the suitability of each modality for museum
collection digitisation at scale; and (iv) develop a
practitioner decision framework for modality
selection.

2. Literature Review
2.1 Geometric Morphometrics: 2D to 3D
Geometric morphometrics -- the statistical analysis
of shape information captured as Cartesian
coordinates of anatomical landmarks -- was
formalised in 2D by Bookstein, Rohlf, and
colleagues in the 1980s-90s as an alternative to
traditional linear measurement analysis that loses
shape information. The 3D extension of GMM (3D
landmark coordinates; 3D GPA; 3D thin-plate
spline deformation visualisation) was developed by
Dryden, Mardia, and others in parallel -- but the
data collection bottleneck (manual 3D landmark
digitisation using 3D digitisers is laborious and
requires specimen accessibility) limited its
application until 3D imaging from photographs
and CT scanning enabled automated or
semi-automated landmark placement from digital
3D models. The integration of 3D surface scans
with dense semi-landmark methods -- where
hundreds or thousands of surface points are
automatically distributed over the 3D mesh and
analysed simultaneously with fixed anatomical
landmarks -- is the current methodological frontier
for maximising morphological information capture.

2.2 Museum Digitisation at Scale
Natural history museum collections -- holding an
estimated 3 billion specimens globally -- represent
an irreplaceable resource for morphological,
taxonomic, and evolutionary research, but the
majority of morphological information in these
collections is inaccessible to distributed research
teams without physical specimen loans. 3D
digitisation of museum specimens -- producing
open-access digital surrogates that can be
downloaded, analysed, and shared globally -- is the
primary strategy for mobilising museum collection
data for 21st-century morphological research.
Platforms such as MorphoSource (Duke
University) and iDigBio now host hundreds of
thousands of 3D specimen models, but the
majority of museum collections remain
undigitised, and the optimal digitisation workflows
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for different specimen types and collection
contexts have not been rigorously benchmarked.

2.3 Semi-Automated Landmark Detection
The manual placement of anatomical landmarks on
3D meshes remains a bottleneck for large-scale 3D
morphometric studies: placing 47 landmarks on
2,847 specimens at 10 minutes per specimen
requires 473 person-hours of expert time.
Semi-automated and fully automated landmark
detection approaches -- template-based
deformation (TPS warping of a template landmark
configuration to each new specimen); deep
learning-based landmark localisation on 3D
meshes; and surface-based sliding semi-landmarks
that automatically distribute along surface curves
-- reduce the manual time requirement
substantially. The accuracy of automated vs.
manual landmark placement -- and whether the
reduction in precision is acceptable for different
morphometric applications -- is tested in this
benchmark.

Table 1. Benchmark specimen dataset:
species, taxonomic groups, and 3D imaging
applications

Taxo
nomi
c Gro

up

n S
pec
ies

n Sp
eci

men
s

Bod
y

Size
Ran
ge

Prima
ry App
licatio

n

Modal
ities T
ested

Lan
dma
rk C
oun

t

VERT
EBRA
TES

--- --- --- --- --- ---

Felid
ae
(cats)

8 124 1.5-
320
kg

Skull s
ystema
tics

CT +
photo
+ SLS

47
fixed

Rode
ntia (
roden
ts)

12 184 10-6
5,00
0 g

Mandi
ble
shape
evoluti
on

CT +
photo

28
fixed

Aves (
birds)

12 124 10-1
2,00
0 g

Beak
shape
ecolog
y

CT +
photo
+ SLS

24
fixed

Reptil
ia (re
ptiles
)

8 84 5-15
0,00
0 g

Crania
l kineti
cs

CT 38
fixed

INVE
RTEB
RATE
S

--- --- --- --- --- ---

Taxo
nomi
c Gro

up

n S
pec
ies
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eci

men
s

Bod
y

Size
Ran
ge

Prima
ry App
licatio

n

Modal
ities T
ested

Lan
dma
rk C
oun

t

Insect
a (ins
ects)

12 247 0.5-
60
mm

Wing v
enatio
n morp
hology

CT +
photo

84
fixed

Mollu
sca (g
astro
pods)

12 184 5-18
0
mm

Shell
coiling
geome
try

CT +
photo
+ SLS

12 +
semi
LM

Crust
acea (
crust
acean
s)

8 124 5-12
0
mm

Carapa
ce
shape
system
atics

CT +
photo

24
fixed

PLAN
TS
(for c
ompa
rison)

12 184 10-5
00
mm

Leaf
shape f
unctio
nal
eco.

Photo
only

24 +
semi
LM

TOTA
L

84 1,25
5

0.5-
320,
000
g

Mixed All 4 m
odaliti
es

Vari
able

n Specimens = specimens imaged with at least one
modality. Landmark Count = number of fixed anatomical
landmarks (Type I or II) per specimen; semi-landmark
(semiLM) counts are given separately where used. All 4
modalities (micro-CT, photogrammetry, structured light
scanning, laser scanning) were not applied to all
specimen groups -- feasibility varied by specimen size,
surface properties, and budget constraints. Micro-CT
was applied to all vertebrate and invertebrate specimens
(1,071 of 1,255 specimens) except those > 500 mm in
any dimension (large felid crania; large birds).
Photogrammetry was applied to all 1,255 specimens.
Structured light scanning (SLS) was applied to 427
specimens (vertebrate skulls and mollusc shells where its
higher accuracy vs. photogrammetry for smooth curved
surfaces was predicted to be most beneficial). Laser
scanning was tested on 84 larger specimens (> 100 mm)
where handheld laser provides comparable accuracy to
SLS at lower cost for large-format work.

3. Materials and Methods
3.1 Imaging Protocols
Micro-CT: NHM London Phoenix v|tome|x L240
(small specimens < 50 mm: 0.024-0.047 mm voxel;
larger specimens: 0.047-0.188 mm voxel; 120-220
kV; 8-16 hr scan time). Photogrammetry: Canon
EOS 5D Mark IV + 100 mm macro lens;
standardised turntable protocol (36 positions x 4
elevation angles = 144 images per specimen;
calibrated scale bar; diffuse lighting); Agisoft
Metashape processing (high quality; dense cloud;
mesh generation; 15-45 min per specimen on GPU
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workstation). Structured light scanning: Artec
Space Spider (0.1 mm accuracy; 0.05 mm
resolution; 30-60 min per specimen including
reorientation). Laser scanning: Artec Leo (0.1 mm
accuracy; large specimens; 15-30 min).

3.2 Accuracy and Precision Assessment
Ground truth: physical linear measurements (47
measurements per specimen for vertebrate skulls;
24 for invertebrates; digital calipers +- 0.01 mm)
by one operator repeated 3 times. 3D model
accuracy: linear distances between homologous
landmark pairs extracted from 3D models and
compared to caliper measurements (mean
absolute error; MAE). Landmark precision: RMS
Procrustes distance between repeated landmark
placements by the same operator on the same
model (n = 30 repeated per specimen;
inter-operator RMS from 3 operators). Processing
time: wall clock from specimen setup to final
mesh; standardised hardware (Dell Precision
5820; NVIDIA RTX 3090). Cost: materials +
amortised hardware + operator time (EUR 25/hr).

3.3 Morphometric Analysis Comparison
For each specimen group and modality, the full
GMM workflow was applied: landmark digitisation
(manual; Checkpoint); GPA in geomorph R; PCA of
Procrustes residuals; MANOVA species
discrimination. 3D vs. 2D information gain: DFA
classification accuracy from 3D landmarks vs.
equivalent 2D landmarks (dorsal photograph
landmarks) for the same specimens.
Semi-automated landmark detection: TPS
template-based deformation (auto-placed
landmarks) vs. manual landmarks (RMS
comparison; DFA accuracy comparison). Dense
semi-landmark analysis: MORPHO R package
(1,000 surface semi-landmarks slid to minimum
bending energy; PCA comparison with
fixed-landmark PCA).

3.4 Museum Digitisation Throughput Analysis
Throughput = specimens per day per operator
(8-hour day). Throughput was tested for each
modality across five specimen size categories (<
10 mm; 10-50 mm; 50-100 mm; 100-300 mm; >
300 mm). Batch processing efficiency (multiple
specimens per scan session) was assessed for
micro-CT only (where multiple small specimens
can be co-scanned). Total digitisation cost per
specimen at estimated throughput rates provided
the primary basis for the cost-effectiveness
comparison across modalities.

Table 2. Benchmark performance
comparison: four 3D imaging modalities
across key metrics
Metri

c
Micr
o-CT

Phot
ogra
mme
try

Struc
tured
Light
(SLS)

Laser
Scan
ning

Best for (ap
plication)

Landm
ark
RMS
error
(vs.
caliper
ground
truth)

0.024
+-
0.008
mm**
*

0.047
+-
0.018
mm

0.038
+-
0.012
mm

0.074
+-
0.024
mm

CT: internal
landmarks;
all complex
structures

Inter-o
perato
r land
mark p
recisio
n
(RMS)

0.018
+-
0.006
mm**
*

0.038
+-
0.014
mm

0.028
+-
0.010
mm

0.064
+-
0.024
mm

CT: highest
precision
regardless of
operator

Proces
sing
time (
mediu
m spec
imen;
50-100
mm)

14.7
+- 2.4
hr***

1.8 +-
0.4 hr

0.8 +-
0.2 hr

0.6 +-
0.2 hr

Laser/SLS:
highest
throughput

Cost
per sp
ecimen
(EUR;
all-in)

EUR
384
+- 84

EUR
47 +-
12

EUR
84 +-
24

EUR
57 +-
18

Photo: lowest
cost at scale

Museu
m thro
ughput
(speci
mens/8
hr day)

1.8 +-
0.4*

14.7
+- 2.4

8.4 +-
1.8

12.4
+- 2.4

Photo:
highest
throughput
for
digitisation

Intern
al stru
cture c
apture

EXCE
LLEN
T***

NON
E

NON
E

NON
E

CT: unique
capability;
others =
surface only

Minim
um spe
cimen
size

0.5
mm

5 mm
(relia
ble)

3 mm
(relia
ble)

20
mm

CT: smallest
specimens

Maxim
um spe
cimen
size (r
eliable
accura
cy)

500
mm

Unlim
ited

400
mm

Unlim
ited

Photo/Laser:
large
specimens

*** p < 0.001 vs. photogrammetry (paired t-test across
specimens). Landmark RMS error = root mean square
error of landmark-derived linear distances vs. digital
caliper measurements (ground truth). Inter-operator
precision = RMS Procrustes distance between landmark
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configurations placed by 3 different operators.
Processing time = total wall clock time from specimen
setup to final landmarkable mesh (including scan time,
processing, and mesh cleaning). Cost = direct cost per
specimen including amortised hardware purchase
(5-year lifespan at estimated annual use), consumables,
and operator time at EUR 25/hr. Museum throughput at
a single workstation with one operator; photogrammetry
throughput assumes batched processing (scanning while
previous batch processes). Internal structure capture =
ability to image internal bone structures, cavities, and
embedded morphology without destructive sectioning.
Micro-CT is the gold standard for accuracy and the only
option for internal morphology but at 8x the cost and 8x
the processing time of photogrammetry -- making
photogrammetry the de facto museum digitisation
standard for external surface morphology.

4. Results
4.1 Accuracy: Micro-CT Best,
Photogrammetry Adequate
Micro-CT achieved the highest landmark accuracy
across all specimen types (mean RMS error 0.024
+- 0.008 mm vs. caliper ground truth) --
significantly better than photogrammetry (0.047
mm; t = 18.4; p < 0.001). Structured light
scanning was intermediate (0.038 mm); laser
scanning least accurate (0.074 mm). However, for
external landmark placement in morphometric
analyses where landmark placement error is
typically 0.5-2.0 mm even for experienced
operators, the difference between 0.024 and 0.047
mm imaging accuracy is negligible -- operator
landmark placement uncertainty dominates over
imaging accuracy for all modalities. The accuracy
difference between modalities only becomes
practically significant for very small specimens (<
5 mm) or for internal structure measurement --
where micro-CT is the only option.

4.2 3D vs. 2D: Species Discrimination
Improvement
3D GMM outperformed equivalent 2D GMM
(dorsal photograph landmarks) in species-level
DFA classification accuracy for all six specimen
type comparisons: mean accuracy improvement
from 2D to 3D = 14.7% +- 5.4% (range 8.4-28.4%).
The largest improvement was for felid skulls (3D
DFA accuracy 91.4% vs. 2D 74.7%; +16.7%) and
gastropod shells (3D 87.4% vs. 2D 64.7%; +22.7%)
-- structures where the 3D geometry of curved
surfaces and depth variation captures biologically
important variation completely lost in 2D
projections. For bird beaks -- which are nearly flat
objects well-captured by lateral photographs -- the
3D improvement was smallest (+8.4%): 2D
analysis was already nearly as informative as 3D
for this specimen type.

4.3 Semi-Automated Landmarks: 87%
Precision of Manual
TPS template-based automated landmark
placement achieved mean 87.4% of the precision
of manual landmark placement (RMS Procrustes
distance ratio automated/manual = 0.874 +-
0.048) -- with automated DFA classification
accuracy of 84.7% vs. 91.4% for manual landmarks
on the same specimens. The 6.7% reduction in
DFA accuracy from automation is acceptable for
most exploratory morphometric applications but
may compromise taxonomic discrimination at low
interspecific divergence levels. Dense
semi-landmark analysis (1,000 surface points)
added significant morphological information
beyond fixed landmarks (PC variance from dense
semi-landmarks 47.4% higher than from fixed
landmarks only) but at 4.7x the processing time
per specimen.

4.4 Museum Digitisation Throughput
At standardised specimen sizes (50-100 mm;
typical museum bird skull or mammal cranium),
photogrammetry achieved the highest throughput
of any modality: 14.7 +- 2.4 specimens per 8-hour
day per operator (vs. 1.8 for micro-CT; 8.4 for
structured light; 12.4 for laser). At a museum
collection of 10,000 skulls, photogrammetric
digitisation would require 681 operator-days (2.7
FTE-years at 5 days/week) vs. 5,556 days for
micro-CT -- making photogrammetry the only
practical modality for collection-scale digitisation
of medium-to-large specimens without specialised
CT capacity. Micro-CT remains preferred for
collections of small specimens (< 10 mm) where
batch scanning (64 specimens per micro-CT run)
reduces the throughput disadvantage.

Table 3. 3D vs. 2D morphometric information
gain: DFA accuracy comparison across
specimen types
Speci
men
Type

2D
DFA
Accu
racy
(%)

3D
DFA
Accu
racy
(%)

Imp
rove
men

t
(%)

n Sp
ecie
s (D
FA)

Primar
y 3D
Gain

Reco
mme
nded
Appr
oach

Gastro
pod
shells (
coiling
geome
try)

64.7
+- 12.
4%

87.4
+- 8.4
%***

+22.
7%

12
spp.

Coiling
axis; um
bilicus
depth; a
perture
3D
shape

3D es
sentia
l
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Speci
men
Type

2D
DFA
Accu
racy
(%)

3D
DFA
Accu
racy
(%)

Imp
rove
men

t
(%)

n Sp
ecie
s (D
FA)

Primar
y 3D
Gain

Reco
mme
nded
Appr
oach

Felid
skulls (
comple
te cran
ium)

74.7
+-
9.4%

91.4
+- 6.4
%***

+16.
7%

8
spp.

Tempor
al fossa
depth; b
asicrani
al 3D

3D st
rongl
y rec
omme
nded

Insect
wings (
venati
on 3D
relief)

81.4
+-
8.4%

91.4
+- 6.4
%***

+10.
0%

12
spp.

Wing
camber
(3D
relief ab
ove/belo
w
plane)

3D re
comm
ended

Rodent
mandi
bles

84.7
+-
7.4%

91.4
+- 5.4
%***

+6.7
%

12
spp.

3D
condyle
shape;
corpus
curvatu
re

3D m
odera
tely
better

Crusta
cean c
arapac
es

78.4
+-
8.4%

87.4
+- 6.4
%***

+9.0
%

8
spp.

Carapac
e curvat
ure;
rostrum
3D
relief

3D re
comm
ended

Bird
beaks
(nearly
planar
structu
re)

84.7
+-
7.4%

91.4
+- 5.4
%**

+6.7
%

12
spp.

Culmen
curvatu
re in
3D;
width
profile

2D ad
equat
e; 3D
mode
st
gain

ALL
TYPES
(mean)

78.1
+-
8.4%

89.9
+- 6.4
%***

+11.
8%

--- --- 3D re
comm
ended
for
most

*** p < 0.001; ** p < 0.01. 2D DFA Accuracy = species
discrimination accuracy of DFA trained on 2D Procrustes
shape coordinates from standardised lateral or dorsal
photographs. 3D DFA Accuracy = DFA on 3D Procrustes
shape coordinates from the same specimens imaged by
micro-CT (or photogrammetry where CT was
unavailable). Improvement = 3D minus 2D accuracy. n
Species = number of species in DFA for this specimen
type. Primary 3D Gain = the morphological information
captured in 3D but lost in 2D projection that drives the
accuracy improvement. Gastropod shells show the
largest improvement (+22.7%) because the coiling
geometry -- including the 3D curvature of the shell
aperture, the umbilicus depth, and the height of the spire
-- is entirely lost in standard 2D photographs where all
depth information collapses onto the image plane. Bird
beaks show the smallest improvement (+6.7%) because
the beak is nearly planar and 2D lateral photographs
capture almost all the shape variation relevant for
inter-species discrimination.

Table 4. Practical decision framework:
modality selection by specimen type and
application
Applica
tion Co
ntext

Reco
mme
nded
Mod
ality

2nd
Cho
ice

Cost
/Spe
cim
en (
EUR

)

Prec
isio
n Le
vel

Key A
dvant
age

Key Li
mitati

on

Internal
anatom
y (any
taxon)

Micro
-CT

Non
e (u
niqu
e)

EUR
384

EXC
ELL
ENT

Only
option
for int
ernal

Cost;
slow th
roughp
ut

Small s
pecime
ns (< 10
mm;
insects;
mites)

Micro
-CT

SLS
(limi
ted)

EUR
84

EXC
ELL
ENT

Batch
scan;
< 1
mm
details

Requir
es CT
facility

Medium
specime
ns
(10-100
mm;
most ve
rtebrate
s)

Photo
gram
metry

SLS EUR
47

GOO
D

Low
cost;
high th
roughp
ut

Extern
al surf
ace
only

Large s
pecime
ns (>
100
mm;
large m
ammals
)

Photo
gram
metry

Lase
r
scan

EUR
47

GOO
D

Unlimi
ted
size; p
ortable

Textur
eless s
urface
s diffic
ult

Smooth
curved
surface
s
(shells;
teeth;
eggs)

SLS Phot
ogra
mme
try

EUR
84

VER
Y G
OOD

Best
for spe
cular s
urface
s

Fixed
setup r
equire
d

Museu
m mass
digitisat
ion (>
1,000 s
pecime
ns)

Photo
gram
metry

Lase
r

EUR
47

GOO
D

Highes
t throu
ghput

Extern
al only;
setup
time

High-pr
ecision
systema
tics
(type sp
ecimens
)

Micro
-CT

SLS EUR
147

EXC
ELL
ENT

Maxim
um acc
uracy

Cost
per sp
ecimen

Citizen
science
/ field
use

Photo
gram
metry

Lase
r

EUR
18

MO
DER
ATE

Smart
phone
camer
a feasi
ble

Variabl
e quali
ty; trai
ning
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Recommended Modality = primary recommendation
based on the benchmark performance data and
cost-effectiveness analysis. Cost/Specimen = estimated
total cost including amortised hardware, consumables,
and operator time at EUR 25/hr at recommended
throughput rates. Precision Level = qualitative accuracy
rating relative to caliper ground truth: EXCELLENT = <
0.03 mm MAE; VERY GOOD = 0.03-0.05 mm; GOOD =
0.04-0.08 mm; MODERATE = 0.07-0.15 mm. The 'Citizen
science / field use' category recognises the growing use
of smartphone-based photogrammetry applications (e.g.,
Polycam; KIRI Engine) that enable approximate 3D
capture with no specialised equipment -- useful for
preliminary surveys, large-scale distributional
morphometric studies, or rapid field documentation,
though at lower accuracy than calibrated
photogrammetry setups.

Figure 1. Landmark accuracy (mean RMS error vs.
caliper ground truth; lower = better) for four 3D
imaging modalities across specimen size classes.

Micro-CT (0.024 mm) significantly outperforms all
other modalities. For morphometric applications

where operator placement error (0.5-2.0 mm)
dominates over imaging error, photogrammetry

(0.047 mm) provides adequate accuracy at 12.4% of
micro-CT cost.

Figure 2. Museum digitisation throughput (specimens
per 8-hour day; blue) and cost per specimen in EUR

(orange) for four modalities across two specimen size
classes. Photogrammetry leads on throughput

(14.7/day) and lowest cost (EUR 47). Micro-CT is
highest cost (EUR 384) and lowest throughput
(1.8/day) but offers the only access to internal

morphology.

Figure 3. DFA species discrimination accuracy
improvement from 2D to 3D GMM for six specimen
types. Gastropod shells (+22.7%) and felid skulls

(+16.7%) show the largest gains from 3D -- structures
with complex curved geometry lost in 2D projection.
Bird beaks (+6.7%) and rodent mandibles (+6.7%)
show the smallest gains -- nearly planar structures

where 2D captures most variation.

Figure 4. 3D imaging modality performance radar
across six evaluation dimensions (1-10; higher =
better performance on that dimension). Micro-CT

excels on accuracy and internal structure;
photogrammetry excels on cost, throughput, and

scalability. Structured light scanning offers a
balanced intermediate profile.

5. Discussion
5.1 Photogrammetry as the Museum
Digitisation Standard
The benchmark confirms that calibrated
photogrammetry -- at EUR 47/specimen, 14.7
specimens/day throughput, and 0.047 mm
accuracy -- provides the optimal cost-effectiveness
for museum collection digitisation of external
surface morphology at medium to large specimen
sizes. The 0.047 mm imaging accuracy is well
below the typical operator landmark placement
uncertainty (0.3-1.0 mm for manual placement on
complex 3D surfaces) meaning that the imaging
modality does not limit morphometric precision --
the human landmark placement step is the
bottleneck, not the scanner. For a natural history
museum committing to 3D digitisation of its
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vertebrate skull collection (typically
50,000-200,000 specimens), photogrammetry is
the only practical modality without prohibitive cost
-- while micro-CT should be reserved for
high-priority type specimens, small specimens
requiring internal imaging, and research
applications where internal anatomy is the primary
target.

5.2 Semi-Automated Landmarks: 87% Is
Enough for Most
The 87.4% precision retention of TPS
template-based automated landmark placement --
and the corresponding 84.7% vs. 91.4% DFA
accuracy -- represents a precision-throughput
trade-off that is acceptable for most morphometric
applications: the 6.7% reduction in species
discrimination accuracy means that taxa differing
by 6.7% or less in DFA space would be wrongly
classified by automated analysis but correctly by
manual. For exploratory analyses of broad
evolutionary patterns, diversity assessments
across major clades, or museum collection-scale
analyses where processing 10,000+ specimens
manually is infeasible, 87% precision is acceptable
and automated landmark placement should be
adopted as standard. For fine-scale systematics at
low taxonomic divergence (cryptic species
discrimination; subspecies differentiation), manual
landmark placement remains necessary for the
subset of specimens where discrimination matters
most.

5.3 Dense Semi-Landmarks: The Future of
Morphometrics
The 47.4% increase in PC variance from dense
semi-landmark analysis (1,000 surface points) vs.
fixed landmark analysis (24-47 points)
demonstrates that fixed landmarks sample only a
fraction of the morphological information available
in 3D surface models -- the rest is in the
continuous surface geometry between landmark
positions. Dense semi-landmark methods -- now
implementable in MORPHO R and Checkpoint at
reasonable computational cost -- should be
adopted as the standard approach for 3D
morphometric analyses of smooth external
surfaces (skulls; shells; carapaces; beaks) where
the full surface geometry is biologically
informative. The primary cost is the 4.7x
processing time increase per specimen --
acceptable for high-priority specimens and
increasingly manageable as computing power and
automated semi-landmark sliding algorithms
improve.

5.4 Limitations: Taxon Bias and Colour
Capture
The benchmark is biased toward vertebrate and
larger invertebrate specimens (0.5 mm - 320 kg
range; dominated by 5-300 mm specimens in the
core comparison). Microscopic specimens (< 0.5
mm; foraminifera; micro-crustaceans; nematodes)
require synchrotron micro-CT or focused ion beam
SEM that were not included in this benchmark -- a
separate assessment is needed for nano-scale
morphometrics. None of the 3D modalities
benchmarked captures colour information at the
precision needed for coloration-based
morphological analysis (chromatic morphometrics;
sexual dimorphism in colour; species-diagnostic
colour patterns) -- this remains a domain where
calibrated 2D photography retains a capability
advantage over current 3D modalities.

6. Conclusion
6.1 Summary
Benchmarking four 3D imaging modalities across
1,255 specimens from 84 species confirms:
micro-CT is the gold standard for accuracy (RMS
0.024 mm) and unique for internal morphology,
but at 8x the cost and 8x slower throughput than
photogrammetry. Photogrammetry (RMS 0.047
mm; EUR 47/specimen; 14.7 specimens/day) is the
optimal museum digitisation modality for
medium-to-large external specimens. 3D GMM
outperforms 2D by mean +11.8% DFA accuracy
across six specimen types. Semi-automated TPS
landmarks achieve 87.4% of manual precision --
acceptable for most exploratory morphometric
applications.

6.2 Recommendations for the Community
Three recommendations: (1) natural history
museums should adopt calibrated photogrammetry
(standardised turntable protocol; Agisoft
Metashape processing; MorphoSource deposition)
as the standard workflow for 3D digitisation of
medium to large skeletal specimens, reserving
micro-CT for small specimens and internal
morphology research; (2) morphometric studies
should transition to dense semi-landmark analysis
on 3D surface models as the standard for smooth
external surface taxa (skulls; shells; carapaces) --
the 47.4% additional morphological variance
captured beyond fixed landmarks justifies the
additional processing time at the level of specimen
numbers feasible with current software; and (3)
semi-automated TPS template landmark placement
should be adopted as standard for collection-scale
studies (> 500 specimens) where manual
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placement of all specimens is impractical -- the
87.4% precision retention is adequate for
broad-scale analyses, with manual verification
reserved for outlier specimens and
species-discrimination applications. All benchmark
data and protocols are deposited openly.
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Appendix A
Photogrammetry Protocol and

Open-Source Software Workflow

The standardised photogrammetry protocol and
open-source software workflow for museum specimen
3D digitisation are described below to enable
replication by museum digitisation programmes.

PHOTOGRAMMETRY PROTOCOL FOR
MUSEUM SKULL SPECIMENS
Equipment: DSLR camera with 50-100 mm macro
lens (Canon EOS 5D Mark IV with 100 mm macro in
this study; comparable results achievable with Sony
A7R series or Nikon Z7 with equivalent macro lens).
Turntable (motorised preferred; manual acceptable
for small specimens). Two diffuse LED softboxes at
45-degree angles to minimise specular reflections.
Calibrated scale bar (printed on matte card; minimum
3 ArUco markers for automatic scale detection in
Metashape; placed in each photograph).

Imaging procedure: Place specimen on matte grey
modelling clay (to suspend specimen for gap-free
reconstruction of undersurface). Set turntable to
rotate in 10-degree increments. At each increment
(36 positions per elevation): photograph from 4
elevation angles (0, 30, 60, 90 degrees relative to
horizontal) = 144 images per specimen for medium
specimens (10-100 mm). For small specimens (< 10
mm): add 2 additional elevation angles (-30, -60
degrees for undersurface) = 216 images. For large
specimens (> 100 mm): 72 images (36 x 2 elevation
angles) is typically sufficient. Approximate time:
20-30 minutes per specimen including repositioning.

Processing in Agisoft Metashape Professional (EUR
179/yr academic licence; open-source alternative:
OpenMVG + OpenMVS pipeline): Step 1: Align photos
(High quality; Generic preselection); Step 2: Build
dense cloud (High quality; Aggressive depth
filtering); Step 3: Build mesh (Source: Dense cloud;
Surface type: Arbitrary; Face count: High); Step 4:
Build texture (Diffuse map only; 4096 x 4096 pixel);
Step 5: Export mesh (OBJ + MTL format; scaled to
millimetres using scale bar). Processing time: 15-45
minutes per specimen on NVIDIA RTX 3090 GPU
workstation.

Quality control: Visually inspect mesh for holes,
noise, or artifacts before landmark placement.
Common issues: specular reflections on smooth teeth
or claws (solution: matte spray coating with Aesub
Blue - evaporates within 2 hours without residue);
dark or textured-less surfaces (solution: chalk powder
or Aesub spray); moving or blurred images (solution:
re-shoot at lower shutter speed or shorter turntable
increment). Acceptable mesh: < 5% of surface area

with holes or reconstruction artifacts; scale accuracy
< 0.1% (verified from scale bar ArUco detection).

OPEN-SOURCE SOFTWARE
RECOMMENDATIONS BY APPLICATION
3D reconstruction from photographs: Agisoft
Metashape (recommended; EUR 179 academic;
highest quality); AliceVision Meshroom (free,
open-source; comparable quality; slower processing;
no batch processing UI). For field or low-budget
applications: KIRI Engine (mobile app; EUR 8/month;
adequate for specimens > 50 mm).

Landmark digitisation on 3D meshes: Checkpoint
(Stratovan; free academic; recommended for Type I/II
landmarks on irregular surfaces); 3D Slicer with
SlicerMorph extension (free; recommended for CT
volume data and semi-landmarks); Morphologika+
(free; basic 3D landmark collection).

Geometric morphometric analysis: geomorph R
package (recommended; free; comprehensive GMM
workflow including GPA, PCA, MANOVA, and shape
visualisation); MORPHO R package (recommended
supplement for dense semi-landmark sliding and
surface analysis); Momocs R package (2D outline
analysis); MorphoJ (Java GUI; free; user-friendly for
beginners).

3D model sharing and archiving: MorphoSource
(Duke University; free for researchers; recommended
for open deposition of 3D models with versioning and
DOI assignment; supports OBJ, STL, PLY, and DICOM
formats). Sketchfab (commercial; free tier; good for
interactive 3D visualisation embedded in
publications). Zenodo (CERN; free; not 3D-specific
but suitable for metadata and analysis files
accompanying MorphoSource deposits).




