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Pollen is vitally important in the natural world, the scientific researchwhich studies it, and society at large. Pollen
is beautiful and immensely resilient, records millions of years of evolutionary, ecological and climatic change,
underpins globally critical ecosystem functions and services, helps solve crimes, could revolutionise medicine –
and, as one of humanity's most significant allergens, irritates hundreds of millions of people around the world.
However, engaging non-specialistswith pollen-related research can be challenging, because pollen'smicroscopic
nature means all interactions with it must be visual, predominantly through static two-dimensional images
(which obscure the grains' full 3D nature and beauty), complex stratigraphic diagrams (which can be impenetra-
ble to non-specialists), or specialistmicroscopy (which adds complexity and expense). A recent development has
been to use accurate and larger-than-life 3D-printed models, allowing audiences to interact with pollen and
related research in new, tactile ways.
This paper introduces the 3D Pollen Project, an open-access repository of 3D pollen scans and surface files.
Confocal laser scanning microscopy was used to produce accurate series of tightly-focused cross-section images
through pollen grains, which were reconstructed to produce 3D-printable surface files; both specific methods
and underpinning general principles are outlined to enable others to emulate the work. Matching the refractive
indices of samplemountant and objective lens immersionmedium is shown to be particularly important for pro-
ducing high-quality scans. The 35 species included in the 3D Pollen Project to date cover a broad (if Euro-centric)
geographic distribution and a comprehensive suite of pollen'smorphological features. Thesemodels, made avail-
able online for free download, have been used in a very wide range of contexts around the world, in outreach,
education and research. Finally, future steps for the 3D Pollen Project are discussed: growing its coverage into
a truly globally representative sample of global pollen diversity; enhancing the quality of its data; and developing
the ways in which its resources are used.

© 2023 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Pollen is an immensely important substance in the natural world, in
the scientific research which studies it, and in wider society. (In this
paper, ‘pollen’ refers collectively to true pollen and other plant spores.)
The development of protective shells made from sporopollenin – ‘the
diamond of the plant world’ (Kesseler and Harley, 2009, p. 44), ‘one of
the most extraordinarily resistant materials known in the organic
world’ (Faegri and Iversen, 1964, p. 15) – likely played a key role in fa-
cilitating plants' colonisation of Earth's land surface (Guzmán-Delgado
and Zwieniecki, 2019; Li et al., 2019; Wallace et al., 2011). Grains pre-
served for hundreds of millions of years record plants' subsequent evo-
lutionary trajectories (Morris et al., 2018; Rubinstein et al., 2010;
.

This is an open access article under
Wellman, 2010), andmodern studies of pollen's architecture help scien-
tists understand the taxa that have arisen (e.g. Banks and Rudall, 2016).
Fossil pollen grains record many millennia of climate and vegetation
change (e.g. Mottl et al., 2021; Rull et al., 2016; Williams et al., 2004),
from the cataclysmic origins of modern neotropical rainforests
(Carvalho et al., 2021) to the long-term legacies of sustainable land
use by Indigenous communities (Kelly et al., 2018; Maezumi et al.,
2018), and their study has been described as ‘the singlemost important
branch of terrestrial palaeoecology for the late Pleistocene and Holo-
cene’ (Roberts, 2014, p. 33). Since pollen first evolved, its flow between
plants and across landscapes has been critical for supporting species,
populations and ecosystems – and, in the modern day, it also has im-
mense economic value for humans, with global pollination services
worth hundreds of billions of dollars a year for crops alone (Porto
et al., 2020). Pollen's societal importance goes beyond its ecosystem
functions, too: pollen grains are one of the world's most significant
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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allergens (affecting hundreds of millions of people, perhaps 30% of the
global population; D'Amato et al., 2007; Pawankar et al., 2013), help
verify honey sources (Holt and Bebbington, 2014), signal the presence
of oil reservoirs (Rodrguez-Forero et al., 2012), have potential as
targeted delivery vehicles for medicines and vaccines (Atwe et al.,
2014; Harris et al., 2016; Mackenzie et al., 2015; Uddin and Gill,
2018), and can even play a role in solving crimes (Mildenhall, 2008).

But despite itsmultifaceted importance in somuch of nature, science
and life, pollen can be a challenging subject with which to engage non-
specialist audiences. Pollen grains are microscopic so they cannot be
held, and while they can be seen, this generally requires specialist
equipment and the cost, expertise and inconveniences this often entails.
Furthermore, while microscopes and the images they produce can con-
vey to lay observers something of pollen's appearance, it is inherently
challenging to interpret pollen's three-dimensional reality from these
two-dimensional images. This difficulty also afflicts the teaching of pol-
len identification skills (which underpin many of palynology's applica-
tions) – some instructors hand-make rough physical models to help
convey pollen's principal features.

Generating biologically accurate, larger-than-life 3D models of pol-
len grains can greatly assist with these challenges (Ball et al., 2017;
Holt and Savoian, 2017; Perry et al., 2017; Stevenson and Kaikkonen,
2019). 3D-printed models make pollen both tactile and readily visible,
significantly lowering the bar to engagement for non-specialists. Such
models can also help demonstrate key concepts in pollen identification,
from the appearance of diagnostic features to the relationship between
light micrograph cross-sections and the whole pollen grain. There are
two main approaches to creating such 3D pollen models.

The first approach is to sculpt pollen grains' likenesses from micro-
graphs, which can be done physically or (more commonly) in
computer-aided design (CAD) software. This approach needs relatively
little specialist equipment but does require the sculptor to have some
palynological literacy as well as the technical skill to produce an accu-
rate likeness. There are few technological limitations on how the
model can be designed, and imperfections in specific pollen samples
can be overlooked in favour of an idealised, more universal depiction,
but accurately capturing realistic elements of pollen form and structure
(particularly internal architecture and individual variations between
grains) may be very difficult. Pollen models have been developed
using this process as part of the FRAGSUS Project (Fragility and sustain-
ability in small island environments: adaptation, cultural change and
collapse in prehistory) (French et al., 2020; models available from
https://sketchfab.com/1manscan, accessed 15/06/2021), for the Lake
Biwa Museum, Japan (models can be viewed at https://sketchfab.com/
rcgear_japan, accessed 22/12/2022), and at the BEAST (Biodiversity
and Environments Across Space and Time) Lab at the University of
Maine, USA (models not available online).

The second approach to producing 3D pollen data is to directly scan
pollen samples, generally with confocal microscopy (Holt and Savoian,
2017; Perry et al., 2017; Stevenson and Kaikkonen, 2019; Vitha et al.,
2010) or SEM-microphotogrammetry (Ball et al., 2017). Evidently,
these equipment requirements represent a much higher bar to accessi-
bility than the sculpture method, but the approach has several signifi-
cant benefits. After initial technical training on the imaging platforms,
the scanning process can be quick, with relatively high sample through-
put (Romero et al., 2020b). Although technical limitations (such as a
microscope's resolving power) may compromise some aspects of a re-
sultingmodel's realism (Holt and Savoian, 2017), directly scanning pol-
len samples means that typical, unusual and/or damaged examples can
all be accurately and easily represented. Critically, valuable microscopy
data is also generated in the scanningprocess. Thismeans that photomi-
crographs can be taken alongside 3D scans, allowing different represen-
tations of the same samples to be cross-referenced (Collings, 2015;
Romero et al., 2020b). Fine-scale sculptural details or internal structures
can also be captured to show a grain's identifying features in images or
models. The scan data can even be put to uses other than purely 3D
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reconstruction, such as thedevelopment of automatedpollen identifica-
tion (Holt and Bebbington, 2014; Romero et al., 2020a).

Several groups have produced 3D pollen models using confocal
microscopy. Holt and Savoian (2017) pioneered the approach at
Massey University, combining imaging methods from Vitha et al.
(2010) with 3D printing to produce physical models of several
New Zealand pollen taxa (the models are not available online).
Using similar techniques, Cardiff University's Bioimaging Hub has
built up a significant collection of scans from disparate taxa, with
3D surface models of 68 taxa available online (Perry et al., 2017;
https://3dprint.nih.gov/users/cubioimaginghub/); the Australian
3D Pollen Project (Australian National University) has also scanned
and made available surface files of 13 Australian pollen types
(Stevenson and Kaikkonen, 2019; http://www.doi.org/10.25911/
5d0ac8204ae57). In neither of these cases, however, are the original
microscopy data available. Conversely, the Punyasena Palaeoecology
Lab at the University of Illinois Urbana-Champaign has made available
dozens of image stacks from several fossil and extant pollen taxa in the
Amherstieae tribe of the Fabaceae (subfamily Detarioideae), but these
have not been processed into surface files (Romero et al., 2020a;
https://doi.org/10.13012/B2IDB-9133967_V1). Therefore, although sev-
eral independent teams have successfully demonstrated that confocal
microscope scans of pollen grains can bemade and converted into accu-
rate 3D-printable models, these datasets are generally limited in taxo-
nomic or geographic scope, partially complete (containing scans or
surface files, but not both), and/or inaccessible for most interested
parties.

This paper introduces the 3D Pollen Project (https://3dpollenproject.
wixsite.com/main/), which aims to complement and extend these ini-
tiatives. Using confocal microscopy, the project has produced accurate
scans and 3D-printable surface models of pollen from a geographically
and taxonomically broad range of taxa, and makes the resulting scan
and surface data freely available online. At time ofwriting, the 3D Pollen
Project has the world's largest open-source collection of linked scans
and surface models, initially comprising 39 samples from 35 taxa. The
following sections set out the general principles behind the project's
methods and the specifics of how they have been applied in its work
so far; assesses the project's outputs to date and the ways they have
been used in outreach, education and research; and describes its future
directions and pathways to creating a high-quality, globally representa-
tive sample of the world's pollen diversity.

2. Methods

There are four main steps in the production of 3D-printed pollen
models: obtaining and processing pollen material, image acquisition
with a confocal laser scanning microscope (CLSM), image processing,
and 3D printing (summarised in Fig. 1). The first part of the methods
section (Section 2.1) provides a general overview of these approaches,
alongside key principles and considerations for their application. This
section can be used as a guide for local adaptation of the specific
methods used in the 3D Pollen Project so far (Section 2.2). It can also
act as a scaffold for evaluating whether and how other, non-pollen,
palynomorphs could be scanned in a similar way. Additional guidance
on aspects of the preparation, imaging, processing and printing ap-
proaches can be found in Vitha et al. (2010), Holt and Savoian (2017),
Perry et al. (2017), Stevenson and Kaikkonen (2019), and Romero
et al. (2020b).

2.1. Overview and general principles

CLSMs use precise wavelengths of light to excite samples, and a pin-
hole which blocks out-of-focus emissions from the samples from being
detected. Narrowing the pinhole improves resolution but reduces signal
strength,with the optimal compromise found at a pinhole diameter of 1
Airy Unit. The resulting images are tightly focused cross-sections of the
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Fig. 1. An illustrative overview of the main steps in producing 3D pollenmodels. Clockwise from top left: confocal microscopy scans of a Leucanthemum vulgare (Asteraceae) pollen grain,
conversion of an 89-image stack of microscopy data into a virtual surface model, a model 3D-printed using a resin printer (before removal of support structures), and cleaned pollen
models (from top to bottom: L. vulgare, Scorzoneroides autumnalis, and Dactylis glomerata) ready for use.
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fluorescent material at a given depth in the sample. By producing a se-
ries of these images taken at tightly-spaced intervals along the z axis –
a ‘z stack’ – a three-dimensional representation of a pollen grain can
be built up, and this can be converted into amodel of the grain's surface.

Confocal microscopy requires that samples fluoresce when excited
by laser light, which is often achieved by the addition of fluorescent
dyes. Since pollen grains autofluoresce under a wide spectrum of laser
wavelengths, however, such dyes are not necessary, though they can
improve signal-to-noise ratios in scan images (Sivaguru et al., 2018). It
is possible to scan unprocessed pollen grains (Perry et al., 2017), but
pollen's cell contents absorb both emitted and excited light and can
drastically reduce the strength of the signal detected from lower parts
of the grain – which in any case are attenuated by travelling through
the grain's upper exine (Vitha et al., 2010). For this reason, it is prefera-
ble to acetolyse pollen grains, removing their cell contents to leave a
cleaned, hollow exine, before scanning with a CLSM.

Reference slides of modern pollen and research slides of (sub-)fossil
pollen are commonly acetolysed prior to mounting, but CLSM scans of
this material are often compromised by the choice of mountant. In
3

palaeoecology, pollen samples are generally mounted in silicone oil or
glycerine jelly, which allow grains to be rotated for easier identification.
This mobility can present problems for confocal scanning when grains
shift during imaging (Romero et al., 2020b), but amore significant chal-
lenge is refractive index (RI) mismatch (Diel et al., 2020; Vitha et al.,
2010). The most common high-magnification, high-resolution micro-
scope objective lenses use immersion oil, which has an RI of ca. 1.52;
this is mismatched with both silicone oil (RI 1.41) and glycerine jelly
(RI 1.46–1.47). Such RI mismatches disrupt the light path between
laser, sample, objective lens and detector, resulting in increasing loss
of signal with sample depth, diminished resolution along the z axis,
and spherical aberration. These problems are illustrated in the present
manuscript's fig. 5, Staudt et al. (2007, fig. 6), and Diel et al. (2020). It
is preferable, therefore, to mount acetolysed pollen in a medium
whose refractive index very closely matches the immersion medium
of the CLSM's objective lens

Correctly processed and mounted pollen slides can then be scanned
with a confocal microscope. It is important to note that the resolution of
the scans is always poorer along the z (depth) axis than in x and y. This
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can be illustrated by reference to the Houston criterion for defining res-
olution (full width at half maximum, FWHM; eq. 1):

FWHMxy ¼ 0:51� λ
NA

FWHMz ¼ 1:77� RI � λ
NA2

λ = excitation wavelength,
NA = numerical aperture of the objective lens,
RI = refractive index of the immersion medium.
For a microscope using a 488 nm laser, 1.4 NA objective, and a sam-

ple in a medium with an RI of 1.518, the FWHM resolution would be
178 nm in xy and 669 nm in z. Using lenses with higher numerical ap-
ertures improves scan resolution, as does closing the pinhole, though
the greatest increase in resolution is available through super-
resolution technologies such as AiryScan, which uses an array of detec-
tors with tightly closed pinholes to increase resolution 1.7 times in all
axes, as well as providing a ‘virtual NA boost’ (Romero et al., 2020b;
Sivaguru et al., 2018; Weisshart, 2014).

When a z stack of scans has been produced (the number of slices de-
pends on the size of the sample and the spacing between images), it can
be converted into a surface file in image processing software. The sim-
plest way is to apply a single threshold value to the stack, transforming
the continuous variable of signal strength to a binary of solid or void.
Variations in signal strength with sample depth can be pronounced in
pollen scans, so a single threshold value may not always be suitable –
one that accurately discriminates exine from empty space at layers
with stronger signal may miss out surfaces at lower slices with weaker
signal, and vice versa. This can be resolved in several ways: in image
capture, laser intensity can be programmed to increase with sample
depth so that contrast remains constant through the stack; contrast
can also be increased with depth in post-processing; and more
advanced approaches to thresholding – such as trainable image seg-
mentation algorithms – can be used. The surface files derived from
thresholded image stacks can be saved in an appropriate format (such
as .stl), then viewed online, virtually manipulated, and/or 3D-printed.

There are various 3D printing techniques, most of them forms of ad-
ditive manufacturing – the sequential build-up of layers of material
(generally plastics) to form a three-dimensional object. Two of the
mostwidely available 3D printing technologies are fused filament fabri-
cation/fused deposition modelling (FFF/FDM) and vat polymerisation
(resin printing). FFF/FDM printers have mobile nozzles which melt
and extrude filament in patterns which cool and re-solidify on a build
plate to form individual layers of the model. Resin printers use vats of
photosensitive resin, which solidifies when it is illuminated by a light
source projecting the shape of the desired layer onto a build plate.
Each technology has strengths and weaknesses for producing 3D pollen
models. Resin printers are excellent at producing complex, high-detail
models, especially at small sizes; they can also effectively use translu-
cent/transparent materials. FFF/FDM printers are generally less capable
with combinations of small size and high complexity, being instead
more suited to producing larger prints, although they are generally
cheaper and compatible with a wider range of materials than resin.
Both FFF/FDM and resin printers add supporting structures to complex
shapes (such as overhangs) which need to be removed after printing
is finished; resin printers must also add small holes to sealed hollow
chambers to allow uncured resin to escape. It is important, too, to note
that the cost of 3D printing scales with the amount of material used,
and therefore with model size and complexity.

2.2. 3D Pollen Project methods

At time of publication, themajority of samples used in the 3D Pollen
Project were processed from herbarium specimens, with others re-
4

mounted from pre-existing reference material (Table 1). Pollen-
bearing structures were removed from herbarium specimens (see
Jarzen and Jarzen, 2006), then washed in hot 10% potassium hydroxide
solution, sieved and acetolysed. After acetolysis, samples were trans-
ferred to distilled water, which was gradually replaced by increasing
concentrations of 2,2′-thiodiethanol (TDE) (Holt and Savoian, 2017;
Vitha et al., 2010). TDE is a water-soluble mounting medium whose re-
fractive index varies with concentration (from 1.33 at 0% to 1.52 at
100%), so it can be tuned to match the immersion medium of an objec-
tive lens (Staudt et al., 2007). Following the suggested concentration in-
crements of Staudt et al. (2007), TDE was added stepwise to the
suspended pollen samples, allowed to rest for 5–10 min, then centri-
fuged with the supernatant decanted. After several immersions in a so-
lution of approximately 97% TDEby volume, the samplesweremounted
on slides and sealed with either paraffin wax or clear nail varnish.

Pollen samples were scanned with a Zeiss LSM710 confocal micro-
scope at the University of Hull, UK, using a 63×/1.4 NA oil immersion
objective lens. For most samples the pinhole diameter was set to 1 AU,
though in cases where low z-axis resolution was more problematic
than signal loss this was reduced to 0.66 AU. Samples were scanned
with relatively high laser intensity and relatively low detector gain. In-
creasing laser power provides more signal but bleaches the pollen; in-
creasing gain across the detector boosts both signal and noise but
allows for gentler laser illumination. Since laser-bleached pollen grains
still scan well and do not seem to suffer other visible damage, and
since the samples scannedwere not otherwise in use as referencemate-
rial (where bleaching may be more problematic), signal improvements
from increased laser power were deemed preferable to those from in-
creased detector gain. Z stacks were acquired through entire pollen
grains (including some additional space above and below the grain),
with sections spaced using the optimal z interval calculated according
to the Nyquist criterion.

In stacks where loss of signal with depth was pronounced, either
laser intensity was set to increase through the sample, or contrast in
the lower half of the z stack was increased post-acquisition using the
‘Processing – Adjust – Interpolate brightness and contrast’ tool in Zeiss's
Zen software. The resulting .lsm files were saved and exported for 3D
rendering in open-source software.

Image stacks were converted to surface files using Fiji/ImageJ
(Schindelin et al., 2012). To reduce ‘stepping’ effects along the z axis,
the stacks were resliced and interpolated to have cubic voxels
(i.e., equal-sized axes in x, y and z), then converted to 8-bit images for
compatibility with Fiji/ImageJ's 3D viewer plugin (Schmid et al.,
2010). Threshold values were chosen by examining signal strength
(pixel values) in exine features on the z stack's lower slices (i.e., those
with lower signal intensity), and selecting a value which effectively dis-
criminated solid and void at these layers. This threshold value was then
used as input when opening the resliced 8-bit image stack in Fiji/
ImageJ's 3D viewer plugin, converting the images to a surface file. If
this approach to thresholding failed, Fiji/ImageJ's Trainable Weka Seg-
mentation 3Dplugin (Arganda-Carreras et al., 2017)was used (the soft-
ware includes several other binarizing algorithms) and the resulting
binary image imported to the 3D viewer. When examination of the 3D
surface showed that a satisfactory threshold had been chosen, the sur-
face mesh was exported as an .stl file.

To improve the suitability of the exported .stl surface files for 3D
printing, they were further processed in MeshLab (Cignoni et al.,
2008). MeshLab interpreted surface meshes processed in Fiji/ImageJ
from CLSM scans as ‘inside out’, which was addressed by inverting the
orientation of the meshes' surfaces. CLSM-derived surface files are gen-
erally extremely detailed, with hundreds of thousands of vertices and
faces. Reducing their complexity makes file sizes smaller and 3D print-
ing easier – and can be done without loss of detail in the final physical
model, if the original mesh is more detailed than the printer can repre-
sent. Combinations of quadric edge collapse decimation and HC
Laplacian smoothing were used on the meshes, with the contributions



Table 1
The 35 taxa included in the 3DPollen Project to date. Sample codes identify the institution, collection, and specimen scanned. CHIC-EchProj: the Chicago Botanic Garden Echinacea Project;
EXR-EXPR: theUniversity of Exeter tropical pollen reference collection; HLU-CCC: the Crackles Comparative Collection at the University of Hull;MANCH-PolRefCol: the University of Man-
chester pollen reference collection; RNG-P…: the University of Reading herbarium; RNG-TPRG: the University of Reading tropical pollen reference collection. Where ‘incid’ occurs at the
end of a sample code, it indicates that a pollen grain was found incidentally on a slide from another specimen; these pollen grains were identified by eye to appropriate taxonomic res-
olution.

Family Species Sample code Source

ANACARDIACEAE Spondias sp. EXR-EXPR-86 Pollen reference collection
ARALIACEAE Hedera helix L. RNG-P0042298 Herbarium specimen
ARECACEAE Oenocarpus bacaba Mart. EXR-EXPR-95 Pollen reference collection
ASTERACEAE Ambrosia psilostachya DC. RNG-P0042299 Herbarium specimen

Artemisia annua L. RNG-P0043202 Herbarium specimen
Centaurea nigra L. HLU-CCC-4 Herbarium specimen
Echinacea angustifolia DC. CHIC-EchProj-1088 Herbarium specimen
Leucanthemum vulgare Lam. HLU-CCC-61 Herbarium specimen
Scorzoneroides autumnalis (L.) Moench HLU-CCC-174 Herbarium specimen

BETULACEAE Alnus glutinosa (L.) Gaertn. HLU-CCC-444 Herbarium specimen
Betula pendula Roth HLU-CCC-595 Herbarium specimen
Corylus avellana L. HLU-CCC-413incid Herbarium specimen

BIGNONIACEAE Handroanthus impetiginosus (Mart. ex DC.) Mattos EXR-EXPR-131 Pollen reference collection
CANNABACEAE Celtis iguanaea (Jacq.) Sarg. RNG-TPRG-210 Pollen reference collection
CHENOPODIACEAE Chenopodium album L. RNG-P0003852 Herbarium specimen
CYPERACEAE Carex lasiocarpa Ehrh. RNG-P0020162 Herbarium specimen
ERICACEAE Calluna vulgaris (L.) Hull HLU-CCC-695 Herbarium specimen
FABACEAE Anadenanthera colubrina (Vell.) Brenan RNG-TPRG-199 Pollen reference collection
FAGACEAE Quercus petraea (Matt.) Liebl. HLU-CCC-413 Herbarium specimen

Quercus robur L. HLU-CCC-731 Herbarium specimen
LAMIACEAE Salvia pratensis L. RNG-P0042296 Herbarium specimen
MALVACEAE Tilia cordata Mill. RNG-P0042292 Herbarium specimen
MELASTOMATACEAE Miconia chamissois Naudin EXR-EXPR-312 Pollen reference collection
PINACEAE Cedrus atlantica (Endl.) Manetti ex Carrière MANCH-PolRefCol-MA_AZR_72 Pollen reference collection

Cedrus deodara (Roxb. ex D.Don.) G.Don. MANCH-PolRefCol-UK_WB_05_WB110159 Pollen reference collection
Cedrus libani A.Rich. MANCH-PolRefCol-UK_MAN_10 Pollen reference collection
Pinus sp. HLU-CCC-731incid Herbarium specimen

PLANTAGINACEAE Plantago lanceolata L. HLU-CCC-723 Herbarium specimen
POACEAE Dactylis glomerata L. HLU-CCC-67 Herbarium specimen

Hordeum murinum L. RNG-P0042300 Herbarium specimen
Indet. sp. HLU-CCC-444incid Herbarium specimen

ROSACEAE Filipendula ulmaria (L.) Maxim. HLU-CCC-43 Herbarium specimen
SALICACEAE Salix caprea L. RNG-P0042291 Herbarium specimen
SAPINDACEAE Acer campestre L. RNG-P0042294 Herbarium specimen
WINTERACEAE Drimys winteri J.R.Forst. & G.Forst. RNG-P0042290 Herbarium specimen
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of each tool chosen based on a visual examination of their effects on
each pollen model. Finally, the smoothed and simplified meshes were
rescaled to be 2500× life size when voxel units are interpreted as mm,
so that a pollen grain 20 μm in diameter would produce a model
50 mm across without further rescaling.

Original z stacks, converted to .tif file format for wider compatibility
but otherwise unprocessed, cross-section animations, and printable .stl
surface files are all available for free download from the MorphoSource
repository (https://www.morphosource.org/Detail/ProjectDetail/
Show/project_id/627) under a Creative Commons CC-BY-NC licence,
permitting non-commercial use of the materials with acknowledge-
ment of their source. A range of physical models have been 3D-
printed, most of them by the commercial printing service at the UK
company 3D Tomorrow (https://3dtomorrow.com). The largest models
were produced at 2500× life size (ranging from 44 × 44 × 47 mm for
Filipendula ulmaria to 98 × 200 × 139 mm for Pinus sp.) using an FFF/
FDM printer working in polylactic acid (PLA), and the smallest were at
500× life size (20% of the downloaded size, 9 × 9 × 10mm for F. ulmaria
and 20 × 40 × 28 mm for Pinus sp.) using a resin printer.

2.3. 3D Pollen Project samples

As of late 2022, 39 scans of 35 species have been produced and
made available online (https://www.morphosource.org/Detail/
ProjectDetail/Show/project_id/627; Table 1). Nine samples were
procured from pre-existing pollen reference collections, and the
other 26 were processed directly from herbarium specimens. The
35 species are drawn from 21 families, with their native ranges
5

covering much of the world – particularly when considering the
taxa at genus level (Fig. 3). The currently included taxa do, however,
represent Europe more effectively than other areas, with none of the
included species native to Australasia, New Zealand or much of
Africa. This is a reflection of the author's location (the UK), which
helped dictate both the accessibility of pollen material and priorities
for engaging local audiences. Other areas were covered through a
mixture of opportunistic and targeted sampling, some of it specifi-
cally aimed at specific regions or floras.

The 35 taxa included in the project to date cover a significant range of
gross morphological characters (Fig. 2): monad (most taxa), pseudomo-
nad (Carex), tetrad (Drimys, Calluna), and polyad (Anadenanthera); from
oblate (Tilia) to prolate (Centaurea, Quercus, Handroanthus); colpate
(Salvia, Quercus), porate (Betula, Hordeum), colporate (Leucanthemum,
Hedera), poroid (Carex), heteroaperturate/pseudocolpate (Miconia), and
sulcate (Oenocarpus); saccate (Cedrus, Pinus) and pear-shaped (Carex);
echinate (Leucanthemum, Ambrosia), microechinate (Artemisia),
echinolophate (Scorzoneroides), reticulate (Drimys, Hedera, Salix), striate
(Acer, Spondias), scabrate (Quercus, Filipendula), areolate (Dactylis), and
psilate (Corylus, Betula). Several taxa have multiple 3D model files
which can be used to demonstrate the consequences of harmomegathy:
the three Poaceae species show different ways in which their pollen
grains can be deformed, for example, and Quercus robur and Salvia
pratensis have pairs of models reflecting hydrated and dehydrated states
with their attendant changes in shape (oblate/prolate) and polar view
(circular/lobate). Themodels can evenbeused todemonstrate exines' rel-
ative flexibility, with some that show grains that were squashed between
coverslip and slide (most notably Echinacea angustifolia).

https://www.morphosource.org/Detail/ProjectDetail/Show/project_id/627
https://www.morphosource.org/Detail/ProjectDetail/Show/project_id/627
https://3dtomorrow.com
https://www.morphosource.org/Detail/ProjectDetail/Show/project_id/627;
https://www.morphosource.org/Detail/ProjectDetail/Show/project_id/627;


Fig. 2. Images of 36 of the 39 surface files currently available through the 3D Pollen Project, illustrating the range of morphological types that are included.
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3. Results

3.1. Scan and model quality

Morphological features of the scanned pollen grains are generally
faithfully captured by the scanning process described in Section 2.2. As
noted in Section 2.1, CLSM resolution is always poorer in the z dimen-
sion (depth) than in x and y (eq. 1), and this can be seen in both scans
and 3D models (Fig. 4) – it results, for example, in echini appearing
broader from one side than another, and in surface ornamentation or
apertures being less distinct on models' sides. Comparing the physical
models with the scans also highlights that some fine features which
are visible with the microscope (such as the tips of echini) become
blunted in the surface models – in part this is due to limitations in
CLSM resolution (Holt and Savoian, 2017), but it also comes about be-
cause signal intensity is lower in these features than elsewhere, so
they are excluded by the threshold value used to reconstruct the grain's
surface. Although these imperfections can be noticeable, and may need
to be considered if using the scans or surface models as data, they are
generally not problematic formost use cases. It was also possible tomit-
igate the loss of axial resolution in some models by reducing the CLSM
pinhole size from 1 AU to 0.66 AU.

A critical consideration for the effective scanning of pollen grains is
matching the refractive indices (RIs) of the sample mounting medium
and the objective lens's immersion medium. The effect of RI matching/
mismatching can be seen in Fig. 5. The RI-mismatched scan on the left
side produced relatively lower signal which dropped offmoremarkedly
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with depth than in the RI-matched sample on the right (a); compensat-
ing for this resulted in saturated scans at the grain's upper surface
(b) while the lower levels still had low signal strength (a); and signifi-
cant spherical aberration (the ‘trail’ at c) was present, resulting in the
surface model having overly smoothed sides which are elongated
below to produce a ‘collar’ effect at the bottom. By contrast, the RI-
matched sample at right exhibited much less spherical aberration (c),
retained more consistent signal strength with depth (a), and required
less intense scanning: whereas the RI-mismatched image on the left of
Fig. 5 is the sum of four individual scans, the RI-matched image on the
right is a four-scan mean. The RI-mismatched sample's steep gradient
of signal strength (a) could be somewhat reduced, and the saturated
signal in its upper layers (b) eliminated, by modulating laser power
while scanning the pollen grain (lowering the intensity for upper layers
but increasing it with depth), but this approach would not address the
weaker overall signal strength (a) or increased spherical aberration
(c) that resulted from the RI mismatch, and so would have only limited
utility.

3.2. The models in use

To the end of October 2022, the 3D Pollen Project's scan images and
surface files have been downloaded over 6600 times and used in a wide
range of activities around the world. The models are beginning to be
used in pollen-related research (e.g. Park et al., 2021), but thus far the
models' uses have predominantly been in public engagement and/or
education. Unfortunately, the high-level data submitted at the point of
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model download precludes a more granular overview of type, number
and specific contexts of their uses.

Physical 3D pollen models have been incorporated into several nat-
ural history museum exhibitions, including at the Naturalis Biodiversity
Center (the Netherlands), Georgia Museum of Natural History (USA),
LWL-Museum für Naturkunde (Germany), and Steinhardt Museum of
Natural History (Israel). Here, their value arises frombeing physical, vis-
ible representations of microscopic objects which cannot ordinarily be
observed directly, and which have previously mostly been displayed
as 2D images. The models' tactile nature has contributed to their suc-
cessful use in many hands-on outreach sessions with diverse public au-
diences, such as ‘science in the pub’ talks, natural history museum
school engagement activities, and stands at large public festivals.
Being able to handle the models frequently prompts participants to
ask questions about pollen – about the relationship between grains' ap-
pearance and allergenicity, the reasons for their varied shapes and
forms, the purposes of apertures, etc. In some cases the models help
people explore their existing relationships with pollen (through hay
fever, very commonly), but often the questions appear to be prompted
almost entirely by the experience of observing and handling the physi-
cal models. These provide many useful avenues for knowledge ex-
change about a range of different research areas. The striking and
varied shapes of the pollenmodels have also led to their use at the inter-
faces of science and art, such as interactive sessions exploring pollen's
role as a natural archive, or visual installations during public-facing sci-
ence events, and their tactile nature has been leveraged in specially de-
signed resources for visually impaired audiences.

The models have seen extensive use in educational settings. These
uses have ranged from workshops on pollination with primary−/ele-
mentary-school children and elective classes on bio-inspired design in
secondary/high schools, to university practical sessions on aerobiology
and palaeoecology. In the latter case, the three-dimensional nature of
the models can be especially useful for helping students to relate two-
dimensional views of pollen grains from microscope observations to
the structures of whole grains, such as assisting with determining the
orientation of the grains and how changing focal depth helps to provide
an overview of the sample. The biological accuracy of the models can
also help students learn the different features of pollen grains – how
various types of apertures, ornamentations and shapes appear, for ex-
ample – as well as providing ways of illustrating how pollen grains
can appear differently to those in identification keys (through dehydra-
tion, damage etc.). Additionally, the confocal microscope scans allow
pollen grains' internal features to be easily highlighted (in greater reso-
lution than through light microscopy, and in ways that scanning elec-
tron microscopy generally cannot), including in cross-sections of
models or ones printed in translucent material. In this way, 3D pollen
models could provide an innovation in the teaching of pollen identifica-
tion; evaluation of their impact on teaching and learning is ongoing.

4. Discussion

So far, the 3D Pollen Project has provided a valuable resource to a
wide range of communities for a diverse array of activities. The project's
next steps aim to build on its existing successes, improve its relevance,
and further broaden its utility by growing its coverage, enhancing the
quality of its data, and developing the ways in which its resources are
used.

An important next step in enhancing the value of the 3D Pollen Pro-
ject is expanding its coverage of pollen morphology, phylogeny, and
geographic and ecological gradients. For example, although all of the
taxa sampled to date are seed plants, there is no reason in principle
why pteridophytes and other spore-bearing plants could not be in-
cluded. As Fig. 3 demonstrates, large parts of the world have few native
pollen types included in the project, and the same will also be true of
many ecosystems within apparently well-covered regions. This limits
the applicability of the available resources for researchers, students
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and public audiences in many parts of the world. To remedy this,
work is underway to identify and scan key pollen types for the world's
ecoregions by integrating expert knowledge, floristic databases, and re-
positories of pollen data such as the Neotoma Palaeoecology Database
(Dinerstein et al., 2017; Olson et al., 2001; Williams et al., 2018;
https://neotomadb.org/). Additionally, while the dataset's current cov-
erage of pollen's morphological traits is good, much of the structural di-
versity of theworld's pollen – inwhich these traits appear in potentially
millions of diverse combinations (Halbritter et al., 2018; Mander, 2016;
Punt et al., 2007) – has yet to be included. Improving morphological
coverage could go hand-in-handwith improving the dataset's phyloge-
netic coverage – using existing projects like the Evolution of Angio-
sperm Pollen series (Wortley et al., 2015) and phylomorphospatial
methods (Jardine et al., 2022;Mander, 2016) to inform database expan-
sions could allow the3Dpollen resources to support awider array of sci-
entific themes.

These steps will build the 3D Pollen Project into a geographically,
ecologically, morphologically and phylogenetically representative sam-
ple of the world's pollen.

In order to facilitate a significant expansion of the 3D Pollen Project
dataset, faster sample preparation is needed. As illustrated in Fig. 5,
matching the refractive indices of the sample mountant and objective
immersion medium is extremely important for good image quality,
but mounting pollen grains in TDE is a time-consuming process:
Staudt et al. (2007) recommend increasing the concentration of TDE
in six steps, each of which takes 10 min or more, in addition to any
other preparation steps such as acetolysis or removing samples from
othermountants. It would be farmore efficient to scan pre-existing pol-
len referencematerial, though this is typically mounted in silicone oil or
glycerine jelly and so is RI-mismatched with standard immersion oil. A
viable solution would be to use objective lenses specifically designed to
work with silicone- or glycerine-mounted samples. Although less com-
mon than oil-immersion objectives, and with slightly lower numerical
apertures (ca. 1.3 vs 1.4 for 63× objectives, which imposes a slight
cost on image resolution – see eq. 1), these lenses could take high-
quality, RI-matched scans directly from the many thousands of existing
pollen reference slides held by research institutions. This step change in
scanning efficiency could render feasible the wholesale, combined two-
and three-dimensional digitisation of modern pollen reference collec-
tions (cf. Martin and Harvey, 2017).

There are severalways to improve the quality of the data captured in
expanded 3D digitisation campaigns. It is possible, for example, for
CLSMs to produce simultaneous transmitted light and confocal laser
scans of the same pollen grains (Collings, 2015). Thus, individual sam-
ples could be viewed as with a light microscope, as higher-resolution
cross-sections, and as a surface model; data from these three comple-
mentary modalities could provide significant benefits for individuals
learning, demonstrating or investigating pollen morphology. Another
possibility would be to use super-resolution confocal imaging tech-
niques,which can provide comparable levels of detail to electronmicro-
graphs with less bespoke sample preparation, while also encoding 3D
data (Romero et al., 2020b; Sivaguru et al., 2018). Romero et al.
(2020b) note that silicone oil and glycerine are not ideal mountants
for super-resolution confocal microscopy since they allow pollen grains
to move, risking distortions in long scans, though both are considerably
more viscous than TDE, which still produces detailed scans (Holt and
Savoian, 2017; Vitha et al., 2010); more investigation into this question
would be beneficial. If it could be done effectively, then using
immersion-corrected objectives on a super-resolution CLSM to scan
standard reference slides would represent a step change in the quantity
and quality of 3D pollen data available to researchers and other
audiences.

A much-enhanced dataset of 3D pollen scans and models could be
used in a wide variety of ways. It could simply be used to expand the
scope of the kinds of activities that have already taken place and/or to
tailor them more precisely to local audiences/environments or specific



Fig. 3. Maps showing the number of taxa in the 3D Pollen Project (Table 1) with native distributions in different parts of the world at genus (top) and species (bottom) level. Only taxa
identified to species are included. Data on native distributions (at level 3 in the TDWG geographical system) were taken from Plants of the World Online (POWO, 2022).
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research contexts. However, its data could also be used to pioneer new
and different kinds of knowledge exchange. Anecdotal evidence indi-
cates that physical pollenmodels are appreciated by university students
and teachers (a subject of ongoing pedagogical research), but it would
also be possible to use the digital resources in teaching and learning.
The importance of computer-based resources for teaching in
palaeosciences gained significant recognition during the height of the
Covid-19 pandemic (e.g. through the Virtual Palaeosciences project;
Hutchinson et al., 2022), and pollen surface reconstructions could be
used alongside transmitted light and confocal laser cross-section images
to create digital slides for students to learn and practise pollen identifi-
cation. If such resources (as complements to physical pollenmodels and
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other existing tools) make training in pollen identification significantly
more accessible and engaging, it might even become feasible for citizen
scientist ‘para-palaeoecologists’ to take part in this critical but excep-
tionally time-consuming part of palaeoecological research. (Notably,
an alternative approach to streamlining this facet of palynology is auto-
mation, in which 3D pollen data can have a valuable role in algorithm
training (Holt et al., 2011; Holt and Bebbington, 2014; Olsson et al.,
2021; Romero et al., 2020a).) Such knowledge exchange need not be
one-way, however.With an expanded dataset providing resources rele-
vant to a wider range of people and ecosystems, which can lower the
bar to engaging with and understanding palaeoecological research, it
may become possible to use 3D pollen models to help bridge gaps



Fig. 4. Images showing the differences in scan resolution in xy/lateral (i.e. looking along the CLSM objective's line of sight; left) and xz/axial (i.e. looking ‘side-on’; right) views in CLSM
scans (top) and surface renderings (bottom) of Echinacea angustifolia. The CLSM images are single slices – unprocessed for the xy/lateral view (top left), and resliced and interpolated
for the xz/axial view (top right).

Fig. 5. Images showing key differences between RI-mismatched (silicone oil and immersion oil; left) and -matched (ca. 97% TDE and immersion oil; right) scans. The two central images
show xz/axial cross-sections through Plantago pollen grains, and the graphs on the figure's edges show how signal intensity varies with depth through the cross-sections. The RI-mis-
matched image on the left is the sum of four scans; the RI-matched image on the left is themean of four scans. The dotted vertical lines in the graphs allow a comparison of relative signal
intensities: the line for the RI-mismatched image at left is at an intensity of 5000 – four times its value of 1250 in the RI-matched image at right. Letter annotations identify features dis-
cussed in the main text: a – differences in signal loss with depth; b – saturation in upper slices of the mismatched scan; c – differences in spherical aberration.
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between researchers and holders of local/traditional ecological knowl-
edge. Ultimately, bringing together these different ways of understand-
ing could provide novel and holistic insights into past (socio-)ecological
systems (Lynch et al., 2020; Lyver et al., 2015; Richer and Gearey, 2017;
Zurita-Benavides et al., 2016).

5. Conclusions

Biologically accurate, larger-than-life 3D-printed models of pollen
grains are effective tools for engaging non-expert audienceswith pollen
and related research, which can otherwise appear hard to grasp. The 3D
Pollen Project has to date used confocal laser scanning microscopy to
produce high-resolution scans and surface models of 35 taxa, making
the outputs freely available online. Assisted by effective sample prepa-
ration and imaging protocols, the sampled taxa encompass a broad
and widely applicable range of morphological features, allowing re-
sources to be usedmore broadly than their species' native distributions
9

might suggest. Scans and digital and physical models have been used in
varied and creative ways across a wide spectrum of contexts, from nat-
ural history museums to classrooms and art exhibitions to scientific re-
search. The range of the resources' applications has been facilitated to a
great extent bymaking them available onlinewith no cost andminimal
licencing restrictions. Futurework – expanding the project's coverage to
include more of the world's ecosystems and pollen types, further im-
proving the quality of the data generated, and continuing to investigate
the resources' potential applications –will help the 3D Pollen Project to
engage an increasingly diverse range of audiences with the fascinating
world of pollen and the sciences which study it.

Data availability

Data from the 3D Pollen Project are available under a CC-BY-NC
(Creative Commons, attribution, non-commercial) licence from the
MorphoSource repository: https://www.morphosource.org/Detail/
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ProjectDetail/Show/project_id/627. Further details can be found on the
3D Pollen Project website: https://3dpollenproject.wixsite.com/main/.
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