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Abstract
The recent integration of 3D imaging and digital methodologies has revolutionized evolutionary biology, offering 
unprecedented opportunities for analysing and sharing morphological data. However, the transition toward 
open access remains incomplete due to persistent technical, legal, and institutional barriers. Issues such as lack 
of standardization, massive file sizes, and unclear intellectual property rights continue to hinder data verification 
and reproducibility. These challenges have acquired new urgency with the rapid rise of machine learning and 
AI-based tools for automated segmentation, landmarking, and shape analysis, which require large, standardized, 
and openly accessible training datasets — making inaccessible 3D data not merely an inconvenience, but a 
source of systematic bias in the algorithms shaping the field’s future. This review synthesizes technical, legal, and 
behavioural perspectives on open data in digital morphology, building on prior work to address the specific 
challenges of the current AI era. By advocating for the adoption of FAIR principles, the use of persistent digital 
identifiers, and the implementation of digital watermarking, we offer recommendations for establishing minimum 
standards in data publication. Ultimately, a shift toward responsible data stewardship is essential to ensuring that 
digital morphological resources remain accessible, reproducible, and scientifically valuable for both human and 
computational users.
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​​Background
In recent years, the evolutionary biology community 
has witnessed a revolutionary transformation towards 
digital methodologies, 3D scanning and quantitative 
approaches, redefining the research landscape across 
various disciplines [1–5]. The development of new meth-
ods for rapid or automated processing of imaging data 
[6–11], greater accessibility of 3D scan [12–15], and new 
methods for quantifying anatomical data [16–19] have 
made it more popular than ever to apply complex quan-
titative approaches for the study of phenotypic diversity, 
even inflating the volume of datasets (Fig. 1). This expo-
nential growth was further accelerated by the COVID-19 
pandemic, which simultaneously increased researchers’ 
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capacity to upload existing datasets and created an urgent 
demand for remote access to 3D specimens as physi-
cal collections became temporarily inaccessible world-
wide [14]. The sharp increase in MorphoSource uploads 
observed in 2020 (Fig. 2) reflects how external pressures 
can rapidly shift community behaviour toward open data 
practices. This spike during the COVID-19 pandemic 
also illustrates a persistent challenge with 3D data: that 
their handling and processing can be time-consuming 
(e.g., standardising 3D models and making them available 
online); dynamic with important implications for future 
policy interventions. Fortunately, the recent improve-
ments in 3D databases such as the batch upload tool in 
MorphoSource make the deposition of 3D models much 
easier. In palaeontology and evolutionary biology, this 
digital transition has introduced significant innovations 
[20–23], notably through the rapid development of digi-
tal morphometrics, which has expanded the analytical 
and collaborative potential of morphological research 
by enabling more rigorous data sharing, multiscale visu-
alization, and reproducible quantitative analyses [14, 23, 
24].

In particular, geometric morphometrics (GMM) 
includes both two-dimensional (2D) and three-dimen-
sional (3D) approaches that employ digital imaging tech-
niques to extract morphological data from biological 
specimens [24–27]. While 2D geometric morphometric 
analyses can be performed on photographs, 3D GMM 
makes use of digital reconstructions generated through 
methods such as CT scanning, surface scanning, or pho-
togrammetry. These imaging techniques allow research-
ers to build high-resolution 3D models of specimens, 
which serve as the basis for quantitative shape and size 
analysis. In the last decade the adoption of these digi-
tal tools has expanded the analytical potential of mor-
phometric research by enabling the extraction of more 
detailed and accurate morphological information, partic-
ularly in the study of complex anatomical structures that 
are difficult to capture with traditional 2D approaches or 
linear measurements [27–30]. Importantly, 3D datasets 
preserve the true proportions and spatial relationships of 
anatomical traits, avoiding the significant shape distor-
tions, such as parallax errors and perspective effects, that 
occur when complex 3D structures are projected onto a 
2D plane [31]. This is particularly critical for vertebrate 

Fig. 1  Frequency of Google scholar occurrences “3D morphometrics” (1990–2025) on 28 March 2026, showing exponential growth
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skulls, where 2D photography can fail to capture the 
depth of the zygomatic arches or the exact curvature of 
the braincase, leading to an underestimation of biological 
variation [32].

Furthermore, open access digital datasets can enhance 
methodological development by improving data acces-
sibility, enabling more detailed analyses, and supporting 
transparency and reproducibility [33, 34]. This approach 
promotes broader collaboration, reproducibility of analy-
ses, and innovation in morphometric applications across 
different research fields [25, 35–37].

While digital datasets in anthropology, zoology, and 
palaeontology represents scientific areas scenario under-
going profound transformation [14, 25, 38, 39], examples 
from other disciplines underscore the potential of open 
data sharing on consolidated and well-established reposi-
tories. In genetics the open dissemination of genomic 
sequences has revolutionized research, enabling break-
throughs in evolutionary biology, medicine, and biotech-
nology. Related initiatives such as GenBank [40] and the 
Human Genome Project [41] illustrate how centralized, 

standardized, and openly accessible datasets can catalyse 
scientific advancements, fostering interdisciplinary col-
laboration and accelerating discovery rates [1, 42, 43]. 
Similarly, in the field of palaeontology, the Paleobiology 
Database (PBDB) stands as a prime example of a com-
munity-driven effort to centralize scientific data. PBDB 
reflects decades of global collaboration that has led to a 
clear and demonstrable advantage in data accessibility. 
As recently highlighted by Dowding et al. (2026) [44], 
the PBDB represents a rare ‘success story’ of digital infra-
structure longevity in a landscape where 95% of data-
bases fail within 15 years due to funding instability. 

Despite these advancements, open access data shar-
ing in the realm of digital morphology in compara-
tive and evolutionary biology presents a complex array 
of challenges and opportunities warranting thorough 
exploration. Issues surrounding data privacy, intellec-
tual property rights, and the long-term sustainability of 
digital repositories are becoming increasingly relevant, 
alongside technical challenges related to data standard-
ization, quality, and accessibility [25, 38].

Fig. 2  Number of uploads to MorphoSource by data type (CT scans, mesh files, photogrammetry) from 2013 to 2025. A spike in mesh file uploads 
occurred in 2020, coinciding with the COVID-19 pandemic and likely reflecting increased researcher availability for data processing and sharing. Mesh 
uploads remained elevated post-pandemic. Data downloaded from MorphoSource in March 2026
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This review aims to investigate the current state of 
open access data and the role of digital morphology in 
zoology, ecology, macroevolution, and scientific muse-
ology. It will first examine the main imaging techniques 
and types of digital output currently used, followed by 
an overview of their applications in research contexts, 
including evolutionary studies, ecological analysis, and 
educational or curatorial use. We will focus on the most 
pressing problems related to data sharing in digital mor-
phological research, such as repository sustainability, lack 
of standardization, and copyright restrictions. Finally, we 
propose a range of potential solutions and recommenda-
tions, including the implementation of FAIR principles, 
digital watermarks, and improved citation practices.

Although 2D geometric morphometrics has long been 
used in evolutionary and ecological studies, this review 
focuses primarily on 3D data and techniques. This choice 
reflects both the transformative impact of 3D digital 
assets in modern morphology and the unique, escalat-
ing challenges they present for open sharing; particularly 
regarding file size and complexity [25, 46], digital rights 
[45, 47], and repository sustainability [48]. Unlike 2D 
datasets, 3D models are increasingly treated by institu-
tions as high-value ‘digital twins’ with complex legal and 
economic implications [49]. While 2D datasets provide 
valuable information and insights, they capture a lim-
ited number of aspects of morphology compared to 3D 
models, which offer enhanced anatomical details and 

In this context, the transition toward open access 
can be viewed as a “challenging triangle” of intercon-
nected barriers: technical, legal, and psychological ones. 
The technical aspect involves the management of mas-
sive datasets and the lack of universal standards for 3D 
metadata [25], while the legal and institutional aspect are 
complicated by unclear intellectual property rights and 
the risk of commercial exploitation of digital derivatives 
[45]. Finally, these barriers are reinforced by a psycholog-
ical aspect, a cultural resistance rooted in the fear of data 
misuse or loss of academic priority [38].

Given these long-standing challenges, why has it 
become more urgent than ever to implement the open 
data standards proposed by prior reviews? The answer 
lies in the rapid rise of machine learning and AI-based 
tools in morphological analysis. The exponential growth 
of these applications (Fig.  3) has introduced a qualita-
tively new dimension to the open data problem: inacces-
sible or poorly standardized 3D datasets no longer merely 
slow individual research; they risk systematically biasing 
the automated pipelines that are increasingly defining 
the field. Also, the legal landscape around 3D deriva-
tives is rapidly evolving worldwide, raising new copyright 
questions that earlier reviews could not anticipate. This 
review addresses these gaps by integrating technical, 
legal, and behavioural perspectives into a unified frame-
work designed for this new wave of data-driven morpho-
logical research.

Fig. 3  Frequency of Google scholar occurrences for “Machine Learning” (a specific methodology) and “Artificial Intelligence” (a group of methodologies) 
combined with “geometric morphometrics” or “paleontology” from 2015 to 2025 on 28 March 2026. Both terms show substantial growth, with machine 
learning consistently more prevalent, probably because is a more specific terminology. A marked acceleration occurred from 2018 onward, reflecting 
increasing integration of computational approaches in morphological research.
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immersive interactivity, making them especially useful 
for replication, reanalysis, and educational outreach [25, 
28].

Furthermore, the urgency of addressing 3D data man-
agement is driven by the rise of additive manufactur-
ing (3D printing) and the integration of 3D datasets 
into Machine Learning (ML) and Artificial Intelligence 
(AI) frameworks [50]. These technologies, ranging from 
automated taxon identification to generative modelling, 
require high-resolution volumetric data, making the 
3D format a critical ‘battleground’ for current Intellec-
tual Property Rights (IPR) debates. Consequently, while 
the open sharing of 2D data is traditionally constrained 
by museum policies regarding image dissemination [45, 
51], 3D morphological assets present a distinct and more 
complex set of challenges that this review addresses in 
detail.

As this digital transition continues to reshape scientific 
practice, critically addressing the barriers and oppor-
tunities of open data in digital morphology is no longer 
optional, it is essential to unlock the full potential of mor-
phological knowledge and ensuring its legacy for future 
research.

Main techniques
In zoology, and phenotypic analysis on vertebrates in par-
ticular, the adoption of digital morphology-based tech-
niques, especially three-dimensional (3D) imaging, has 
revolutionized the way researchers analyse and interpret 
the morphological features of biological specimens [25, 
52, 53]. These digital techniques enable the non-invasive 
exploration of morphological traits by preserving the 
integrity of biological specimens while offering unprec-
edented access to high-resolution, morphologically com-
plex features that were previously inaccessible [25, 54]. 
Crucially, when these outputs are made available through 
open-access platforms (e.g. MorphoSource, Digimorph, 
MorphoMuseuM, etc.), they allow other researchers to 
reanalyse specimens virtually, overcoming the logistical 
and curatorial constraints often associated with physical 
collections.

One of the main techniques in this field is photogram-
metry, which stands out due to its affordability and high-
quality outputs [25, 53, 55]. By stitching together multiple 
overlapping photographs taken from various angles, pho-
togrammetry constructs detailed 3D models of preserved 
specimens. This technique requires minimal equipment, 
often just a standard camera and a computer [56]. Recent 
improvements in modern smartphone cameras now 
allow users to produce low resolution photogrammetry 
models [57, 58], making it widely applicable not only in 
palaeontology [56] but also in types of natural history 
collections (eg., [30]). The resulting models provide a 
digital archive of specimens that can be manipulated and 

examined in ways physical specimens cannot, such as vir-
tual dissections or volume measurements.

Surface scanning, including both handheld and station-
ary setups, offers another robust method for capturing 
the surface details of specimens [25, 59]. These devices 
project a laser flash onto the surface of an object and 
measure the time delay or displacement of the reflected 
light, which is then used to generate precise 3D models. 
This technique is highly valued for its accuracy and the 
ability to capture fine-grained surface, which are crucial 
for detailed morphological studies [53, 60]. However, sur-
face scanners are more complex to learn in detail, tend to 
produce large datasets and may require proprietary soft-
ware (e.g., Artec Studio), which can complicate sharing in 
open-access formats unless standardized export proto-
cols are used.

CT scanning, or computed tomography, uses x-rays to 
create cross-sectional images of objects from which digi-
tal 3D models are reconstructed [25, 61]. Unlike surface 
scanning techniques, CT scanning provides insights into 
the internal structure of specimens, non-destructively 
revealing details about skeletal architecture, pathology, 
and/or developmental stages. This method is critical for 
studying specimens that are either too fragile to handle 
(e.g., fossils) or whose internal morphology provides sig-
nificant insights into phylogenetic placement, functional 
adaptations, or ontogenetic changes [54].

The open access movement significantly amplifies 
the impact of the previously mentioned technologies 
by facilitating the global sharing of digital morphologi-
cal data [25, 53, 62]. The difficulty of sharing is usually 
proportional to the storage size of the raw data, which 
depends primarily on acquisition parameters such as 
image resolution, number of reconstructed slices, and 
bit depth. These in turn reflect the level of anatomical 
detail required by the research question, rather than the 
intrinsic complexity of the specimen. While a simplified 
3D mesh may be easily hosted on public repositories, 
the raw data, essential for full scientific transparency 
and re-analysis, often poses a significant burden on stor-
age infrastructure and bandwidth [63], creating a “data 
bottleneck” that varies significantly across techniques 
(see Table 1). By raw data we refer to the primary acqui-
sition outputs specific to each technique: x-ray projec-
tions and reconstructed image volumes for CT scanning, 
photographs and point clouds for photogrammetry, and 
point clouds for laser scanning; all of which are substan-
tially larger than derived mesh files but necessary for full 
reproducibility.

By overcoming these barriers, researchers from around 
the world can access, analyse, and compare 3D models, 
contributing to a more comprehensive understanding 
of evolutionary biology and enhancing the reproduc-
ibility of scientific research. Moreover, open access to 
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digital morphological data supports interdisciplinary 
studies, allowing experts in fields such as biomechanics, 
paleoecology, and evolutionary biology to collaborate 
effectively [52]. This entanglement is further strength-
ened by centralized databases and open platforms where 
researchers can upload and exchange their digital collec-
tions, thereby nurturing a rich, communal resource that 
accelerates scientific discovery and education in palaeon-
tology and beyond [25, 62].

Nonetheless, the effectiveness of these platforms 
depends critically on sustained institutional support, 
standardization of metadata, and proper citation prac-
tices, factors that are often uneven across current reposi-
tories. Recognizing these constraints is essential for 
ensuring that digital morphology remains both scientifi-
cally valuable and broadly accessible [38].

Box 1.1 - Surface scanning techniques and typical 3D file formats

In the last two decades multiple types of surface scanners 
have become widely used for data collection in comparative 
and evolutionary biology. Laser scanners, for instance, mea-
sure the time delay or displacement of reflected laser beams 
to create a 3D model, recording depth information at various 
points on the surface through a sensor (usually a Charge-
Coupled Device camera), following calibration via triangula-
tion [64]. By repeating the scanning process from multiple 
angles, the scanner uses overlapping surfaces to align and 
stitch individual scans, producing a complete 3D object. This 
data is then converted into 3D coordinates (x, y, and z) using 
the scanner’s coordinate system [65].
Another common surface scanning method is structured-
light scanning, which projects patterned light onto the 
object. If the surface is planar and lacks 3D variation, the pat-
tern captured by the camera closely resembles the projected 
one. However, when the surface is non-planar, its geometry 
distorts the projected pattern as seen by the camera [66].
Both laser and structured-light scanners have their advan-
tages and limitations: laser scanners generally offer higher 
resolution, but recent work has shown that structured white-
light scanners with a broad field of view can also produce 
accurate models through flat glass [67]. Unlike photogram-
metry, which requires minimal investment, surface scanning 
entails significant costs: not only for the scanner itself but 
also for ongoing software license fees needed to process raw 
scan data.

The resulting 3D meshes are saved in different file formats, 
each with specific characteristics. The most common formats 
include PLY (Polygon File Format or Stanford Triangle For-
mat), STL (Polygon File Format or Stanford Triangle Format) 
or OBJ. These formats offer different ways of encoding es-
sential geometric data such as vertices, faces, and sometimes 
texture coordinates. The PLY format was developed at Stan-
ford University and is widely used in research and academic 
contexts. It can store rich information, including colour and 
transparency values, and supports both ASCII and binary 
encoding. The STL format is one of the oldest and most 
widely used formats, particularly in 3D printing. Despite 
its technical limitations, such as the inability to store scale, 
colour, or material information, the STL format remains the 
de facto universal standard in digital morphology. Its simplic-
ity ensures that every software suite used for 3D modelling, 
analysis, or printing can read and process these files, making 
it a crucial bridge for data interoperability. The OBJ format, 
developed by Wavefront Technologies, is commonly used 
in computer graphics and animation. It supports polygonal 
geometry and can include texture maps, UV coordinates, 
and material properties, making it ideal for applications that 
require detailed visual rendering. Some software programs 
require specific formats (e.g., STL, as mentioned above, is 
very common in 3D printing software). OBJ files can embed 
texture references directly within the file (textured OBJ), 
making them convenient for visualization purposes. In con-
trast, STL and PLY formats typically require an additional file 
(e.g., JPG or PNG) to store texture information, and PLY is not 
well-suited for handling textures. On the other hand, PLY files 
are often more efficient in terms of storage, as they can rep-
resent the same 3D models using less disk space, especially 
when saved in binary format.

Applications in research, education, and 
institutions
Building on the increasing use of digital imaging tech-
niques and open-access platforms, morphological data-
sets are now transforming multiple domains, including 
both research fields and institutional settings such as 
museums and education. In research, the growing avail-
ability of high-resolution 3D morphological data is rev-
olutionizing disciplines like ecology, morphometrics, 
palaeontology, and macroevolution by enabling large-
scale, reproducible analyses of organismal form and 
function. Traditionally, morphological studies have relied 
on physical specimens housed in museum collections, 

Table 1  Comparative analysis of data volume and storage requirements across digital morphological acquisition techniques. The 
table illustrates the “data iceberg” effect in 3D digitization, showing the discrepancy between raw project files (Input) and finalized 3D 
meshes (Output)
Methodology Raw/Project Data (Input) Final 3D Model (Output) Storage & Sharing Complexity
2D Morphometrics ~ 10–50 MB (High-res Photos) < 1 MB (Landmark Coordinates) Low. Only coordinates are usually shared.

Photogrammetry ~ 800 MB – 1 GB (Set of 100 + RAW/
JPG photos)

from 2 MB to ~ 100 MB (Textured 
OBJ/PLY)

Medium. Photos are usually not shared 
for dimension.

Surface Scanning (e.g., 
Artec Spider)

~ 10 GB – 20 GB (Raw point clouds 
& scans)

~ 100 MB – 2 GB (Simplified STL/
PLY mesh)

High. Projects are massive to download/
upload.

CT / Micro-CT Scanning ~ 400 MB – 50 GB+ (DICOM stacks/
TIFFs)

~ 30 MB – 500 MB (Segmented 
STL/PLY mesh)

Very High. E.g. DICOM/TIFF data is es-
sential for re-segmentation but requires 
massive bandwidth.
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limiting access and data integration across disciplines. 
The shift towards digitalization has removed many of 
these barriers, allowing the creation of high-resolution 
3D models that can be analysed, shared, and reused 
across diverse research contexts [68, 69]. This was proven 
particularly useful during the recent Covid pandemic, 
where researchers from all around the world could access 
3D models of specimens housed on public repositories 
[14]. This section discusses these diverse impacts, high-
lighting advances in data acquisition, analytical applica-
tions, and the ethical considerations surrounding open 
digital morphology.

In trait-based ecology, open-access digital datas-
ets enhance the ability to quantify functional traits and 
model species-environment interactions [70, 71]. The 
availability of 3D models has facilitated more precise sim-
ulations of key eco-evolutionary dynamics—such as pre-
dation, locomotion, and thermoregulation—while also 
reducing the ethical concerns associated with live animal 
experimentation [68, 70]. The incorporation of colour 
mapping (i.e., textures) into digital datasets represents 
a promising frontier, as coloration provides essential 
data for behavioural and adaptive studies, such as apo-
sematism and sexual selection [68]. Coloration studies 
are predominantly conducted using 2D digital imaging, 
which allows for precise colour calibration and standard-
ized backgrounds necessary for consistent analysis. For 
instance, MacLean et al. (2018) [72] utilized 2D digi-
tal images of museum specimens of the butterfly Colias 
meadii to detect historical changes in wing melanism 
over 60 years, demonstrating how digital phenotypic 
data can reveal climate-linked trends in functional traits. 
While current 3D datasets focus primarily on shape, the 
integration of high-fidelity colour textures into 3D mod-
els remains less common due to challenges in standard-
ized colour calibration across complex geometries. This 
is most relevant for surface-based techniques such as 
photogrammetry and structured light scanning, which 
directly capture colour information. For volumetric tech-
niques such as CT, MRI, or synchrotron imaging, colour 
data can only be added through co-registration with sur-
face scans or photogrammetric models of the same speci-
men. Advancing this synergy could unlock new research 
possibilities, allowing for a more complete digital repre-
sentation that combines volumetric precision with func-
tional colour data — particularly relevant for studies of 
coloration-dependent traits such as camouflage, sexual 
selection, or species identification.

Beyond the digital preservation of specimens, these 
high-resolution 3D assets are pivotal for multiple com-
putational pipelines that go beyond traditional shape 
analysis. For instance, detailed surface meshes and vol-
umetric data are essential for Finite Element Analysis 
(FEA), allowing researchers to simulate and investigate 

the biomechanical performance of complex structures, 
such as cranial joints or dental apparatuses. Similarly, 
3D imaging enables the digital reconstruction and ‘vir-
tual peeling’ of internal cavities (e.g., endocasts), provid-
ing access to neuroanatomical data that would otherwise 
remain hidden. Furthermore, the burgeoning field of 
machine learning in morphology is opening new avenues 
for automated taxon identification and landmark place-
ment [50]. By leveraging large-scale 3D datasets, these 
automated approaches significantly increase the repro-
ducibility and throughput of evolutionary studies, mak-
ing GMM the ideal framework for examining the current 
challenges of Open Access and data standardization.

In macroevolution, the use of digital morphological 
data supports comparative analyses across broad tem-
poral and taxonomic scales with the implementation of 
phylogenetic comparative methods (PCMs). These sta-
tistical approaches account for shared evolutionary his-
tory among species when analysing trait data, allowing 
researchers to make more accurate inferences about evo-
lutionary patterns and processes [73]. The integration of 
PCMs and morphological datasets has fostered a syner-
gistic relationship, not only improving the resolution of 
ancestral state reconstructions but also providing a more 
robust framework for analysing evolutionary paths [24, 
74]. Crucially, open-access 3D repositories significantly 
expand taxonomic coverage—especially in paleonto-
logical research, where direct access to fossil specimens 
across museum collections around the world is often 
logistically and financially impossible to be realized [38]. 
This expanded coverage enhances the robustness of mac-
roevolutionary models, allowing for a more accurate 
reconstruction of diversification dynamics and evolution-
ary traits across deep time.

Recent advances in computer vision and machine 
learning, applied to digitized natural history collections, 
further demonstrate how automated morphological anal-
ysis can scale up ecological [69] and macroevolutionary 
research [75]. For instance, Weeks et al. (2023) developed 
“Skelevision”, a deep learning workflow capable of auto-
matically segmenting and measuring functional traits 
from thousands of skeletal specimens [9]. These auto-
mated pipelines, supported by a growing ecosystem of 
open-source tools such as 3D Slicer extensions (e.g., Slic-
erMorph [18], ALPACA [76]), Biomedisa [8], and custom 
Python scripts for batch processing (e.g. Buser et al. 2020 
[77]), empower researchers to identify macroevolution-
ary patterns across vast temporal and geographic scales, 
surpassing the constraints and subjectivity inherent in 
traditional manual data collection. However, the full 
potential of these tools depends critically on the availabil-
ity of large, standardized, and openly accessible training 
datasets. When 3D morphological data remains scat-
tered across incompatible repositories or locked behind 
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institutional restrictions, these models cannot be trained 
adequately. This could create a compounding feedback 
loop: without open data, AI tools for morphometry can-
not be developed; without AI tools, large-scale morpho-
logical analyses cannot be scaled [14, 78]. This structural 
dependency between open data and automated morpho-
logical analysis represents one of the most pressing chal-
lenges facing the field today.

Beyond academic research, the digitization and open 
sharing of morphological data have also begun to trans-
form institutional areas, including museum collections 
and education. Projects like oVert [14] illustrate how 
large-scale imaging initiatives can make rare or fragile 
specimens accessible to a global community of research-
ers, educators, and students. High-resolution models 
produced via CT scanning or photogrammetry can be 
used in interactive exhibits, digital outreach, or even 
3D-printed for classroom use. These resources facilitate 
learning experiences that are standardized, scalable, and 
safe for delicate specimens, thereby addressing logistical 
and pedagogical challenges in teaching disciplines such 
as palaeontology and evolutionary biology [52].

Box 2.1 - From remote collections to global resources: The case of 
French Guiana’s JAGUARS collections

Digitization is increasingly used to improve access to col-
lections that are often neglected, like those housed in small 
institutions or located in remote areas with few visitors [79]. 
In this context, sharing such digital resources online can be a 
simple and effective way to highlight the natural and cultural 
heritage of these regions [80, 81].
One example comes from French Guiana, where a recent dig-
itization effort focused on the JAGUARS collections, housed 
by the wildlife conservation organization Kwata. This collec-
tion is representative of the Guiana Plateau region fauna, 
including skeletons, frozen tissues, and samples preserved 
in fluid of many Amazonian wild species, offering useful 
resources for biodiversity research as well as education and 
knowledge-sharing initiatives. Supported by the Territorial 
Collectivity of French Guiana, a photogrammetry platform 
was implemented on site to carry out 3D digitization. This 
method, known for being quick to implement, portable, and 
affordable, is particularly suitable for small institutions that 
often face limited resources [55, 82].
Hundreds of anatomical elements and complete specimens 
were digitized and made freely available on MorphoSource 
to date. The 3D models support scientific research and 
education and serve local wildlife organizations for outreach 
programs which promote French Guiana’s biodiversity and 
conservation challenges. Beyond their educational and 
research value, these digital models also serve as tools for 
practical conservation work. For example, 3D models can 
help create identification guidelines used by customs of-
ficers, offering a useful resource to help detect illegal wildlife 
trade [83].
The project, among many others similar initiatives, demon-
strates how digital tools can create connections between re-
search, education and conservation activities in regions with 
high biodiversity and geographical and financial challenges.

However, this apparent democratization of access 
through digitization and open sharing must be 
approached with caution. As Kaiser et al. (2023) empha-
size, the institutions that control digitized natural history 
collections often operate within historical and structural 
asymmetries rooted in colonialism [84]. Without critical 
reflection on issues of provenance, representation, and 
community involvement, digitization risks reinforcing 
existing power imbalances rather than correcting them. 
In the context of open access, this raises important ethi-
cal questions: who controls the data, who benefits from 
it, and under what terms? As Hipsley & Sherratt (2019) 
ask in their section “Whose responsibility is it anyway?”, 
the answer lies in a shared commitment from individu-
als, institutions, journals, and funding bodies alike [38]. 
The rise of AI-based tools adds yet another dimension to 
this concern: automated pipelines trained predominantly 
on data from well-resourced institutions will inevitably 
reflect existing geographic and taxonomic biases, poten-
tially marginalizing the contributions of underrepre-
sented research communities at the computational level 
[81].These concerns are central to the future of open 
digital morphology, and highlight the need for inclusive, 
transparent, and historically aware data-sharing practices 
[14, 15, 25].

In summary, open-access digital morphology is 
enabling new modes of inquiry across ecology, palaeon-
tology, and macroevolution, while also expanding the 
educational and societal reach of natural history collec-
tions. Yet its broader impact depends not only on techno-
logical innovation, but on the development of equitable 
frameworks for data sharing, access, and interpretation 
across both research and institutional domains.

Key challenges in open access
Despite the rapid adoption of digital imaging in zoology, 
morphometry, palaeontology, and evolutionary biology, 
the open sharing of morphological data remains fraught 
with multifaceted challenges. These range from technical 
and infrastructural obstacles to ethical and institutional 
concerns that directly affect the accessibility, quality, and 
long-term usability of datasets.

A major issue is the lack of standardized protocols for 
managing and curating 3D morphological data. While 
platforms like MorphoSource [13] offer structured 
repositories, persistent challenges include large file sizes, 
format obsolescence, metadata inconsistencies, and lim-
ited interoperability. These technical barriers are further 
compounded by logistical constraints such as storage 
limitations and uneven institutional capacity to maintain 
or preserve high-volume datasets over time.

Ownership and copyright concerns further complicate 
the open sharing of morphological data. As highlighted 
by Matsui and Kimura (2022), there is often ambiguity 
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surrounding who holds the rights to 3D reconstruc-
tions derived from museum specimens [45]. While fos-
sils themselves are typically not copyrightable, derivative 
works, such as photogrammetric models or digitally 
reconstructed skeletons, may qualify as copyrighted con-
tent owned by the creator, not the museum. This leads to 
legal grey areas where models captured in public exhibi-
tions can be uploaded, shared, or even commercialized 
without institutional oversight. Similarly, Davies et al. 
(2017) note that disputes between institutions, authors, 
and funders over data ownership can discourage data 
deposition and create conflicting obligations regarding 
open access [25].

Nowadays, many institutions rely on legal tools such 
as guidelines for proper use, usage licenses, or deposit 
agreements to retain intellectual property rights over the 
digital replicas created from their collections [45]. How-
ever, there is still legal uncertainty surrounding digital 
objects created from collection specimens that are not 
mere digital copies of these items.

This is particularly true for endocasts, which are 3D 
reconstructions of the internal cavities of structures. 
In evolutionary biology, the most commonly studied 
endocasts are probably those of the cranial cavity. In 
mammals, these cranial endocasts accurately reflect the 
imprint of the brain and associated structures on the 
braincase and are therefore highly valuable objects for 
studying neurological evolution in many extant and fos-
sils lineages [85–87]. Such endocasts are traditionally 
the result of a long and detailed 3D segmentation pro-
cess (supported in the last period by automated tools 
such as those available in 3D Slicer and R) carried out 
by researchers, leading to the creation of digital objects 
that differ significantly from the physical specimens pre-
served in natural history collections [88]. This segmenta-
tion process also involves deliberate choices made by the 
researcher or technician during reconstruction that can 
be seen as a scientific interpretation, bringing this pro-
cess closer to creative work. Yet, this kind of creative 
work is often not addressed by current laws governing 
the digitization of museum collections in many countries. 
Nevertheless, it must be emphasized that the creation of 
such digital objects would simply not be possible without 
access to the original specimen.

It is noteworthy that 3D segmentation emerged along-
side the rise of geometric morphometrics as a pivotal 
tool in evolutionary biology [39, 89]. Despite this long-
standing integration into the field, and notwithstanding 
several attempts to establish formal guidelines [36, 37, 
90], a clear consensus regarding the moral and scientific 
rights attached to these digital files remains elusive. We 
believe a balanced approach must recognize both the 
fundamental role of the physical specimen and the sig-
nificant intellectual effort required to produce unique 3D 

models. We therefore advocate for the development of a 
fair legal framework that accounts for the rights and con-
tributions of both sides.

Within the research community, social and cultural fac-
tors also hinder open practices. Competitive pressures, 
fear of data misuse, and the absence of career recogni-
tion for dataset publication contribute to researchers’ 
reluctance to share raw scans and models [25, 38, 91]. 
Even when platforms support data sharing, the burden 
of preparing, documenting, and uploading high-quality 
datasets, often without institutional reward, falls dispro-
portionately on individual researchers, particularly early-
career scholars.

In museum and educational contexts, these issues are 
exacerbated by the lack of formal data governance poli-
cies. As some researchers observed [23, 45], many insti-
tutions lack the infrastructure, expertise, or regulatory 
clarity to manage the digital products they generate or 
display. This can lead to unauthorized redistribution, 
misattribution, or even erosion of curatorial authority 
over digital representations of specimens. It also follows 
that this uncertainty partially hinders the potential to 
attract new technological initiatives, made using three-
dimensional models [92, 93].

Moreover, as previously discussed in the context of 
digitization ethics [84], mass digitization efforts often 
prioritize scale and efficiency over critical engagement 
with provenance, representation, and inclusivity. With-
out clear guidelines on who controls data, how it is con-
textualized, and who benefits from access, digitization 
risks reinforcing historical and structural asymmetries in 
knowledge production rather than challenging them.

Finally, while initiatives such as the FAIR data princi-
ples (see next section for further details) offer promising 
frameworks to address many of these challenges, their 
successful implementation hinges on community-wide 
consensus and long-term institutional support. In the 
absence of coherent standards, enforceable rights frame-
works, and adequate infrastructure, the full potential of 
open-access digital morphology remains constrained.

Potential solutions: FAIR principles, watermarks, 
and DOIs
Considering the challenges outlined above, including the 
absence of standards, unclear ownership and copyright 
frameworks, and the lack of long-term support of digital 
repositories - several concrete solutions can be proposed 
to improve the management and sharing of morphologi-
cal data in zoology, palaeontology, and related fields.

A critical step in this direction is the adoption of the 
FAIR principles - Findable, Accessible, Interoperable, and 
Reusable (Fig. 4) [62]. These principles represent a trans-
formative framework for managing and sharing scien-
tific data, with the goal of maximizing its utility for both 
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human and computational stakeholders​. The current 
data scenario appears to be far from centralization, keep-
ing its fragmented and scarcely integrated nature. While 
MorphoSource has emerged as the leading dedicated 
repository for 3D digital morphology data (Fig. 5), the 
broader data landscape remains fragmented: the number 
of repositories explicitly hosting 3D data has grown from 
26 to 68 between 2015 and 2025 (a 162% increase; [94]) 
and those mentioning morphology from 19 to 36 (89% 
increase; [95]), reflecting a proliferation of institutional 
and discipline-specific platforms that complicates data 
discovery and reuse. Notably, Sketchfab, despite its high 
visibility in the literature (Fig. 5), is a commercial plat-
form primarily oriented towards education and public 
engagement rather than formal scientific archiving and is 
discussed further below.

This decentralization exacerbates challenges related 
to data discovery and reusability for both researchers 
and computational systems (e.g., AI [78]). While sev-
eral recent publications have advocated for targeted 
improvements in data management and archival prac-
tices [96, 97], the concept of ‘good data management’ 
remains largely undefined, despite detailed recommen-
dations having been proposed nearly a decade ago [25]. 
Recently, comprehensive guidelines for the publication 
of 3D datasets in palaeontology have been proposed [98] 
emphasizing the importance of standardized metadata. 
Such contributions highlight a growing consensus within 
the scientific community on the urgent need for uniform 

standards to ensure better management and long-term 
utility of digital data.

Developed to enhance the reusability of scholarly data, 
FAIR principles serve as a foundational guide for data 
producers and publishers. In biology and zoology, the 
adoption of such principles could address several persis-
tent challenges in open data, including inconsistencies 
in data standards, limited accessibility, and difficulties in 
cross-disciplinary integration.

Findability ensures that datasets are indexed using 
globally unique and persistent identifiers, supported by 
metadata that allow effective searchability across reposi-
tories and disciplines. This remains particularly chal-
lenging in 3D morphology, where no universal metadata 
standard exists across imaging platforms [37]. Accessi-
bility guarantees that data can be retrieved using stan-
dardized communication protocols, even when access 
requires authentication. Interoperability calls for shared 
vocabularies, metadata standards, and data formats that 
enable seamless integration across systems (a goal cur-
rently hampered by the proliferation of semi-proprie-
tary rendering formats such as AM, TXM, and VGL, 
which cannot be opened across multiple software plat-
forms [37]). Only highly derived final products such as 
STL or PLY meshes are standardized for cross-platform 
use, meaning that the most scientifically valuable inter-
mediate data remains effectively locked within specific 
software ecosystems. Reusability, perhaps the most criti-
cal feature in a context where datasets are often repur-
posed for different questions, emphasizes transparent 
usage licenses and clear documentation of provenance 
and data quality [62]. This dimension has acquired new 
urgency with the rise of AI-based tools for automated 
segmentation and landmarking, which require large, 
standardized, and openly licensed training datasets, 
making restrictive or ambiguous licensing not merely 
an inconvenience, but a direct impediment to the field’s 
computational future.

For example, repositories adhering to FAIR principles, 
such as the FAIRsharing [62] registry or the already cited 
GenBank, play a crucial role in this landscape by system-
atically cataloguing data standards, including version-
ing where applicable, thereby facilitating the adoption of 
uniform practices across scientific communities. These 
critical infrastructures are continuously curated and 
refined to enhance scholarly output, support both human 
and machine users, and provide sophisticated tools for 
accessing content in rich, dynamic ways.

Applying these principles to digital morphological 
datasets in zoology and palaeontology could yield simi-
lar benefits, promoting data integration across disciplines 
and enhancing reproducibility. Moreover, the emphasis 
on machine-actionable data aligns with modern research Fig. 4  Graphical representation of the FAIR Data Principles, highlighting 

the essential framework for maximizing the utility and reach of scientific 
morphological datasets
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needs, facilitating automated analyses and enabling large-
scale meta-studies​.

By adopting FAIR principles in zoology, palaeontology, 
anthropology, and biology in general, researchers can 
transform the current fragmented data landscape into 
a more cohesive and productive ecosystem. This shift 
would not only enhance data transparency and accessi-
bility but also accelerate innovation, fostering a more col-
laborative and efficient scientific community.

While platforms like Sketchfab are excellent for educa-
tional purposes and public engagement (e.g., the D’Arcy 
Thompson Zoology Museum collection), they are less 
suited for long-term research data storage due to their 
commercial nature and lack of guaranteed data longev-
ity. In parallel, the use of public, open-access repositories, 
more consolidated inside academic world, such as Mor-
phoSource [13], Dryad, and Figshare presents a pragmatic 
way to adopt FAIR-aligned practices while minimizing 
technical and financial burdens. These platforms often 
provide contributors with interfaces for managing meta-
data, applying licensing restrictions, and tracking usage. 
Importantly, they offer scalable infrastructure that 

addresses the issue of repository sustainability, enabling 
institutions to share high-resolution 3D data without 
maintaining their own servers. By encouraging deposit 
in such platforms, the community can begin to build 
interoperable, cross-referenced archives that remain 
accessible and traceable over time.

To further address the problem of data attribution and 
citation, another essential step is the creation of persis-
tent digital identifiers, modelled on Digital Object Iden-
tifier (DOIs) [99], that can be assigned to individual 
digital specimens. These identifiers could integrate exist-
ing museum catalogue numbers and be incorporated 
into repository metadata (e.g., Zenodo and Figshare 
give free repositories DOI), thus enabling the direct and 
standardized citation of specimens across studies and 
publications. This system would not only support repro-
ducibility but also ensure that museums and digitization 
teams receive proper credit for their contributions.

Complementing this system, recent advances in invis-
ible digital watermarking offer an additional layer of 
traceability. These techniques allow for the embed-
ding of institutional identifiers, catalogue numbers, and 

Fig. 5  Frequency of Google scholar occurrences for five major 3D morphological data repositories from 2001 to 2025. MorphoSource and Sketchfab 
emerged as the predominant platforms, with Sketchfab widely adopted by museums for web-based 3D visualization and MorphoSource serving as a 
specialized repository for biological specimens in academia. Both platforms show substantial growth in recent years
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authorship metadata directly within the geometric or 
texture data of 3D models [100, 101]. Applied to digital 
morphology, such watermarks could act as embedded 
citations, preserving the link between dataset and insti-
tution even when models are detached from their source 
repositories or redistributed. For museum-generated 
models in particular, watermarking may help mitigate 
risks of unauthorized reuse or commercial exploitation, 
while also facilitating appropriate citation in scholarly 
publications.

In summary, the integration of FAIR principles, adop-
tion of scalable repositories, use of persistent identifiers, 
and implementation of watermarking represent comple-
mentary solutions to the key obstacles facing open digital 
morphology. Each addresses a specific layer of the prob-
lem: from data structure and repository management, to 
authorship, legal attribution, and ethical reuse. To fully 
realize the promise of open access in morphology, techni-
cal and policy solutions must be implemented in tandem 
with a cultural shift toward responsible data stewardship 
and collaborative infrastructure development.

Conclusions
The integration of digital morphological techniques and 
open-access infrastructures has introduced a paradigm 
shift in zoological, paleontological, and evolutionary 
research. These successes highlight the available potential 
for similar practices in digital morphology, where sys-
tematic data sharing could yield comparable benefits for 
biodiversity research, evolutionary studies, and applied 
sciences. High-resolution 3D datasets offer unprec-
edented opportunities for comparative analyses, func-
tional modelling, and educational outreach, enabling new 
forms of interdisciplinary collaboration and reproducible 
science [5, 12, 23, 35, 36]. However, this technological 
potential is accompanied by persistent challenges. Issues 
of standardization, long-term repository sustainability, 
unclear copyright frameworks, and inconsistent attribu-
tion practices continue to limit the effective dissemina-
tion and reuse of morphological data [12, 16, 18, 22, 40, 
42, 91].

As this review has outlined, implementing practical 
solutions such as the FAIR principles [36, 43, 62], persis-
tent digital identifiers [102], and invisible watermarking 
[52, 53] could significantly enhance data findability, trace-
ability, and reusability. Public and open-access reposito-
ries provide valuable infrastructure for sharing models 
in accessible formats; while watermarking and unique 
IDs help ensure proper recognition of contributors and 
institutions. Yet, these technical interventions must be 
matched by institutional and cultural shifts toward trans-
parent policies, ethical data governance, and academic 
systems that value open data contributions alongside tra-
ditional publications.

Ultimately, the future of open-access digital morphol-
ogy will depend on the community’s ability to balance 
openness with responsibility, scale with sustainability, 
and innovation with equity. By embracing this balance, 
researchers and institutions can foster a more integrated, 
ethical, and inclusive scientific ecosystem—one in which 
morphological knowledge is not only generated but also 
preserved, shared, and enriched across generations.
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