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e Pollen grain size relates to plant community structure via pollen dispersal, plant resource
allocation into regenerative processes, plant phylogeny and plant genetics (ploidy), or it can
be used as a decisive trait for pollen species distinction. However, the availability of pollen size
data is limited because of labor- and time-consuming methodological constraints and is classi-
cally based on fewer than 50 measured pollen grains per species, thus restricting our knowl-
edge of the temporal and spatial variability of pollen size in response to biotic and abiotic
conditions.

e We addressed this data gap by using imaging flow cytometry (IFC), which allows for
high-throughput assessment of pollen size and measured > 500 000 single pollen from 100
anemophilous species that were sampled between 2018 and 2022.

o We present a workflow for high-throughput data analysis, show the agreement of IFC esti-
mates with literature size estimates and assess pollen size variability in the context of plant
phylogeny.

e Our approach allows us to make statistically robust measurements of pollen size that are
not limited by sampling effort and sample throughput to answer broad ecological questions at
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Introduction

Pollen size data are important for community and functional
ecology, evolutionary biology, macroecology or paleobotany for
distinguishing species, quantifying species abundance, exploring
and predicting spatial and temporal species distributions, as well
as gaining a detailed understanding of underlying ecological and
evolutionary processes (Mikeld, 1996; Cruden, 2000; Sork
et al., 2002; Borrell, 2012; Theuerkauf & Couwenberg, 2022;
Wei et al., 2023). Also, informing the public about allergenic air-
borne pollen relies on pollen size data that are one parameter for
modeling airborne pollen transport (i.e. pollen forecast) (Dbouk
et al., 2022). Pollen size information can further be used to
explore resource allocation between generative and vegetative
strategies of plant reproduction (Cruden & Lyon, 1985) or may
be applied in agricultural systems to assess the ploidy level of
plants and the evolution of breeding systems (Johansen & von
Bothmer, 1994). Pollen size estimates may be applied in plant
cultivation as a decisive parameter that restricts the dispersal dis-
tance of genetically modified organisms or might be used to
distinguish between cultivars and wild-types (Chaturvedi
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large temporal and spatial scales.

et al., 1998; Joly er al., 2007; Williams, 2010; Yang ez al., 2012;
Hofmann ez al., 2014).

However, pollen size data are limited and often do not provide
estimates of variation or only provide categorical pollen size
ranges (e.g. TRY (Kattge er al, 2020), PalDat (2000 onwards,
www.paldat.org) and Pollen-Wiki  (hteps://pollen.tstebler.
ch/MediaWiki/index.php?title=Pollenatlas)). Pollen size is
mainly quantified by time-consuming manual measurements
using light or scanning electron microscopy, for which the sam-
ples are treated and/or embedded, for example, with alcohol, gly-
cerine jelly, silicon oil or acetolysis, which can impact grain size
estimates by either shrinkage or swelling (Mikeld, 1996; Hayat
er al., 2009; Beug, 2015; Bolinder er al, 2015; Halbritter
et al., 2018; Lu et al, 2018, 2022). Usually, 10-50 randomly
selected grains are measured for only a limited number of sites
and years (Sétonyi et al., 2000; Hayat et al, 2009; Hall & Wal-
ter, 2011; Beug, 2015; Lu ez al, 2022), thus restricting our
knowledge on inter- and intraspecific variability and spatiotem-
poral variation of pollen size.

To examine the size of a much larger number of pollen grains,
promising developments have been made using, for example, the
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Classifynder automated palynology system (Holt & Bebbing-
ton, 2014), laser diffraction granulometry (Bell ez 4/, 2018) or
network-based tools for analyzing images of automated micro-
scopic systems (Theuerkauf ez al, 2024). Also, the use of imaging
flow cytometry (IFC), which allows for various applications for
environmental monitoring tasks (Hofmann et 4/, 2021; Dunker
et al., 2022), has been demonstrated for high-throughput ima-
ging of pollen and the usage of these images and image features
for automated species identification using convolutional neural
networks for a set of 35 zoophilous (i.e. insect-dispersed) species
(Dunker er al, 2021) and 53 pollen standards (Barnes
et al., 2023), respectively.

In contrast to Dunker ez /. (2021) and Barnes et 2l (2023),
we here used IFC to explore inter- and intraspecific variability of
pollen grain size of 100 anemophilous plant species in the context
of phylogeny that were sampled across different sites and/or years
mainly in urban environments within the city of Leipzig. We pre-
sent a detailed workflow for pollen sampling, sample preparation,
IFC data analysis and recommend for a gating strategy and image
mask calculation that was used to estimate size features from pol-
len images but can also be used for general application in trait
research to reveal additional image features. Since pollen size
might change with various factors during sample processing and
measurement, causing shrinkage or swelling as mentioned earlier,
we compared the agreement of IFC data with previously pub-
lished data from different sources that deviate in pollen sample
processing protocols and measurement using traditional light
microscopy (Fitter & Peat, 1994; Beug, 2015; Kartge
et al., 2020; Stebler, 2022). Finally, we explored size variation of
Betula pendula ROTH pollen across years, exemplarily demon-
strating the application of IFC for the assessment of intraspecific
and even within-individual pollen size variation. Bezula pendula
ROTH was sampled with the largest number of individual plants
in our dataset and is particularly relevant for various fields of
palynology and aerobiology (Carifianos & Marinangeli, 2021;
Dbouk ez al., 2022; Theuerkauf ez al., 2024).

Materials and Methods

Pollen sampling and sample preparation for IFC

Pollen of Central European species was collected at natural field
sites within the city and the surrounding area of Leipzig, and the
source plants were identified using Miiller ez /. (2021) and Sen-
ghas & Seybold (2003). Additionally, we collected pollen from
rare European as well as non-European species at the Botanical
Garden of the University of Leipzig. Pollen was sampled at the
peak flowering time of each species from several flowers/inflores-
cences per individual plant across the Years 2018-2022 (Support-
ing Information Table S1). We ordered commercially available
reference pollen of three species from Allergon AB (Thermo
Fisher Scientific, Angelholm, Sweden) and 16 species from
BONAPOL (Bonapol, a.s., Ceské Budgjovice, Czechia)
(Table S1). Pollen samples were processed and measured with an
imaging flow cytometer ImageStream® MK II (Amnis subsidiary
of Cytek Biosciences B.V., Amsterdam, the Netherlands)
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according to the protocol in Box 1. Samples were measured using
a X40 objective or in case of pollen with an expected size larger
than ¢ 60 pm using a X20 objective. The instrument used has a
specially designed configuration for the analysis of environmental
samples including pollen and algae (US020200278300A1/
EP000003692357A) (Dunker, 2020; Dunker et al., 2021). For
each measurement, images from 5000 particles were recorded, or
measurements were stopped after 10 min in case of lower particle
concentration.

Image analysis and feature calculation

Images were collected with the instrument-specific INSPIRE soft-
ware v.200.1.620.1 and processed with the IDEAS software
v.6.2.187.0. First, debris was removed based on a bivariate plot
of brightfield image intensities from the two CCD cameras that
are in our instrument settings on Channel 01 and Channel 09
(Ch09) (Fig. 1). In the case of cytometers that are only equipped
with one CCD camera, a histogram of one brightfield image
intensity can be used for separation instead. Further discrimina-
tion of brightfield images of Ch09 with single pollen and multi-
ple pollen was performed by using the circularity feature that
measures the degree of particle shape deviation from a circle.
Subsequently, manual inspection of all remaining images was
performed in the IDEAS software in order to estimate high-quality
(HQ) pollen image size features. Manual inspection involved
removing other remaining particles, heterospecific pollen,
cropped pollen and pollen with debris attachments to yield only
single pollen images that allow for unbiased estimation of pollen
size features. Six size features were estimated using the IDEAS soft-
ware (‘Length’, ‘Height and “Width’, ‘Major Axis’, “Thickness
Max’ and ‘Diameter’), which can be chosen from a set of ‘base
features’ that are implemented in the IDEAS software and do not
require further knowledge on particle feature calculation from
images. However, it has to be noted that these features are custo-
mized in the IDEAs software (Fig. le) and might deviate from
common practice and/or wording (e.g. see definition of ‘Dia-
meter’). ‘Height’ and “Width’ are calculated based on a bounding
rectangle and refer to the longer and shorter side, respectively,
whereas ‘Major Axis’ defines the longest dimension of an ellipse
of best fit. ‘Length’ measures the longest part of an object and
can measure an object length even if it is folded. “Thickness Max’
measures the largest width of an object. In the IDEAS software,
‘Diameter’ defines not a directly measured distance but is calcu-
lated as the diameter of a circle that has the same area as the
object (therefore not shown in Fig. le) (Eqn 1).

Area
T

Diameter =2 X Eqn 1

The minimum pixel size of the images is 0.5 pm by using a
%40 objective and 1 pm using a X20 objective, corresponding to
the lowest possible resolution of the size feature. Size feature
values were exported from the IDEAS software as txt-files and
further analyzed using the R-software.

© 2025 The Author(s).
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Fig. 1 Workflow for image processing using the Ibeas cytometry software. (a) First, pollen (Corylus avellana) particles were separated from remaining
particles including counting beads (optional), speed beads (calibration) and debris using a histogram and/or biplot of brightfield channel intensities from
Camera 1 and/or Camera 2. (b) By using a density plot of particle circularity, we presorted single high-quality (HQ) pollen from single low-quality (e.g.
cropped) and multiple pollen. HQ pollen is defined as an individual pollen grain per image without attachments or remaining debris on the image, which is
measurable in all dimensions for proper feature estimation. In this study, HQ pollen was additionally manually inspected to guarantee a high data quality of
the analyzed pollen; however, this step might be automatized by standard outlier detection procedures (e.g. to detect pollen with an oversized mask due to
additional debris particles on the image). (c) Size features were calculated from HQ pollen based on an ‘AdaptiveErode’-mask fitted on a brightfield
channel (here Ch09) object-mask (‘AE(OM)’, blue-shaded area), which best fitted pollen grains (‘M09’, default mask applied on brightfield Ch09; ‘None’,
no mask applied to image; ‘OM', ‘Object’-mask applied on brightfield Ch09). Numbers in the top right image corner denote the estimated pollen size
(‘Length-feature’) in micrometre for the respective applied image mask, denoting a notable difference between the ‘AE(OM)’-mask compared with the
Default mask ‘MO09'. (d) For five species of different pollen size classes, the fit of the ‘AE(OM)’-mask is indicated, masking the pollen area well including
pollen pori, sacci and other pollen sculptures across the whole size range of analyzed anemophilous pollen. (e) Sketch illustrating the difference in size
features as implemented in the Ipeas software for one rather spherical (Dactylis glomerata) and elongated (Pinus sylvestis L.) shaped pollen (see text).

analyzed 532 736 HQ pollen images derived from pollen of 389

Dataset locally sampled individual plants (95 species) and 23 commer-
To eliminate artifacts of sampling on pollen size, we compared cially ordered pollen samples (21 species) that include in total
the size of our field collected pollen to commercially ordered pol- 100 species, 46 genera, 23 plant families and 12 plant orders. We

len. The pollen size of field-collected pollen and commercially  calculated the mean and SD of IFC pollen size features at species
ordered pollen was similar (Rfdj =0.95, df =14, P<0.0001) level (up to 63 681 HQ pollen, mean 5327, median 2247 HQ

(Fig. S1); hence, we included these samples into our dataset. We  pollen). Because an uneven sample size of measured pollen of
© 2025 The Author(s). New Phytologist (2025) 246: 1875-1888
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true biological replicates (individual plants) might bias species
mean pollen size, we calculated species mean and SD from mean
pollen size of individual plants (up to 9433 HQ pollen,
mean 1293, median 1006 HQ pollen), which was further used
for comparing the agreement of IFC data with literature esti-
mates. In the case of 25 nonspherical species within the genera
Picea A. DIETR., Pinus L., Carex L. and Quercus L., we com-
pared only size estimates from pollen that was measured in equa-
torial view (longest dimension) with literature values that also
depict this longest dimension. Images of these species that have
nonspherical and/or rather oblate pollen were sorted according to
polar or equatorial view for feature estimation using a histogram
of the ‘elongatedness’ feature and subsequent manual annotation
of the remaining images.

For the comparison of IFC size estimates with published data,
we used (1) literature size estimations from Beug (2015) includ-
ing Poaceae data from Rohde (1959), (2) the TRY-database
(Kattge et al, 2011, 2020) and (3) the Pollen-Wiki
(htep://pollen.tstebler.ch, CC-BY-SA 3.0 CH) (Stebler, 2022).
However, since the TRY-database, as one of the largest and most
comprehensive plant trait databases, only consists of one pollen
size dataset, we refer to the original data from the Ecological
Flora Database (Fitter & Peat, 1994) as contributed to the TRY-
database.

Statistical analysis

We compared IFC size estimates and published microscopic
data using a Bland—Altman plot, a parametric approach based
on variance and a graphical method for plotting the difference
(diff) between the methods against their mean and evaluation
of the bias, given as mean difference (diff) £ SD of the differ-
ences (s) (Altman & Bland, 1983; Bland & Altman, 1986).
Thus, the Bland—Altman plot prevents the common statistical
artifact of related differences by plotting the difference against
either value separately (Gill ez 2/, 1985). Only after the visual
justification of method agreement against the line of identity,
correlations (Pearson’s 7, 2 < 0.05) between IFC and published
data were used for choosing the best image feature and to rank
the agreement of data from different literature sources, due to
the known inappropriate use of measuring method agreement
using correlation parameters (Bland & Altman, 1986). As such,
r measures the strength of a relation but not the agreement,
since only points lying along the line of equality will have a per-
fect agreement, but points lying along any straight line will
have a perfect correlation. Also, correlation strongly depends
on the range of true quantity, and the test of significance is irre-
levant to the question of agreement, since it would be surpris-
ing if methods designed to measure the same would not be
related (Bland & Altman, 1986).

We used R 4.2.0 (https://www.r-project.org/) and further
packages DPLYR 1.1.3 (Wickham ez 4/, 2022) and cGrLoT2 3.4.3
(Wickham, 2016) for data analysis and figure preparation. For
phylogeny-based analyses, we used the dated DaPhnE phyloge-
netic tree with calibrated branch lengths in million years (Durka
& Michalski, 2012). We added species that were not present in
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the tree at the genus level using the ‘phytools::add.species.to.-
genus’ function, changed tip-labels of Elytrigia repens and Carex
ovalis to their updated taxonomy Elymus repens (L.) GOULD
and Carex leporina L. and added Ginkgo biloba L. and Parrotia
persica C.A. MEYER to Ginkgoaceae and Hamamelidaceae,
respectively. We tested for a phylogenetic signal of pollen size
using Blomberg’s K (Miinkemiiller ez al., 2012) using R-packages
APE 5.8 and PHYTOOLS 2.3-0. The significance of the observed
phylogenetic signal was determined using randomization
(n=1000).

Results

Choice of image mask and IFC size feature

All features are based on an input mask, which is the set of pix-
els that contain the region of interest. An ‘Adaptive
Erode-mask’ with a threshold value of 95 on the ‘Object-mask’
of ChO09 best fitted the shape of pollen grains on the generated
brightfield images across pollen of different size and orientation
and was specified using the available set of masks as implemen-
ted in the IDEAS software by visual inspection (Fig. 1c,d). None-
theless, visual inspection alone might not be suited to proof
how accurate size measurements with the IFC approach are.
IFC does not allow to sort or trace individual pollen for com-
paring their size with a different method (e.g. microscopy).
Even if this would be possible, pollen size might be variable due
to the orientation of pollen, sample preparation or mounting.
Therefore, we determined the accuracy of IFC size estimates
and explored the magnitude of the expected effect on size esti-
mations by different mask settings using certified Latex beads
traceable to NIST Standard with a modal diameter of 19.98 pm
(Coulter® CC Size Standard L20; Coulter Corp., Miami, FL,
USA). Because the calculation of the six size features might be
sensitive to the input mask shape that fits the shape of pollen
and thus deviates from a perfectly round mask fitting beads, we
evaluated additionally the most appropriate size feature for pol-
len grains by evaluating their agreement with published size
data (Table S2). Generally, all six IFC size features agree with
literature values against the line of identity. ‘Diameter’,
‘Height’, ‘Length’ and ‘Major Axis’ might be considered equiva-
lent as a measure of pollen size for the anemophilous species
in our dataset (Pearson’s r=0.91-0.97). Although for
round-shaped pollen, the six size features might result in similar
estimates, features will deviate for oblate or elongated pollen;
for example, the ‘Diameter’ feature is highly dependent on a
well-fitting mask and only a proper choice for round particles
(Fig. 1e). From all six size features, we selected the ‘Length’ fea-
ture as most robust feature that measures the longest part of an
object in micrometre (Fig. le). The ‘Length’ feature of the pol-
len adapted ‘Adaptive Erode-mask’ with a threshold value of 95
on the ‘Object-mask’ of Ch09 accurately resembled modal size
of the L20 latex beads (Fig. S2). By contrast, the ‘Default
masks’ of brightfield images overestimate modal size of the L20
beads by 6 pm using a X20 objective (7= 5565) and 4.5 pm
using a X40 objective (7= 6522).

© 2025 The Author(s).
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Agreement of IFC pollen size data with microscopy-based
literature estimates

When comparing the agreement of IFC size data with
microscopy-based literature estimates from different sources, we
have to consider that no method may provide an unequivocally
correct measurement due to methodological artifacts each
method has; thus, the true value to compare with is basically
unknown. We assessed the degree of agreement by comparing
against the line of identity (Fig. 2a) and used a Bland—Altman
plot to visualize the diff between IFC and literature size estimates
against the mean of both estimates (Fig. 2b). The smallest diff
across species and best agreement with literature estimates sug-
gested by the goodness of fit of a linear model was obtained
between IFC data and data from the Pollen-Wiki
(sizerpe = 1.0 X logyo(sizerrr) + 0.006; Ridj =0.93; df=36;
P < 0.0001). The lowest goodness of fit between IFC and litera-
ture data was observed with data from the Ecological Flora Data-
base (Rfdj =0.76) and is driven by larger diff of wild grass pollen
(Poaceae) size.

We further used the Bland—Altman plot to explore systematic
patterns in diff across the size gradient of pollen (e.g. between sets
of small and large pollen) or patterns that relate to the phyloge-
netic association of pollen species. The Bland—Altman plot sug-
gests a homogeneous distribution of diff across the size range of
measured pollen, in which most species range within
diff + 5= —0.5 £ 5.5 pm. Patterns in diff that correspond to the
phylogenetic association of pollen are not consistent across pub-
lished data and specific to the distinct data sources, suggesting
consistent differences in pollen size due to sample preparation
(embedding medium), measurement and/or sample origin (size
variability in response to environment) and/or might reflect
unexplained variability. Beug (2015) arrived at larger sizes for
Poaceae (—5.7 £ 3.6 pm, n=12), Cyperaceae (—6.7 £7.9 pm,
n=>5), Betulaccae (—4.1+1.9pum, n=18) and Ulmaceae
(—6.6+1.8pum, n=3) and smaller sizes for Juncaceae
(4.5 £ 5.4, n=2) and Cupressaceae (6.4 £ 1.6, n=2) compared
with IFC estimates. Betulaceae pollen measured with IFC is simi-
lar or slightly smaller in size than data from the Ecological Flora
Database (—1.0 4= 2.8 pm, 7= 5) and data from the Pollen-Wiki
(1.8 £ 1.8 pm, n=8). The size of Poaceae pollen (wild grasses)
is generally highly variable between datasets. In the case of Pina-
ceae, Beug (2015) reports larger pollen sizes compared with IFC
measurements (—5.5 £ 5.4 pm, n=7), whereas other literature
sources report considerably smaller sizes (Ecological Flora Data-
base: 6.6 & 8.5 pm, 7= 2; Pollen-Wiki: 10.0 + 12.1 pm, n=4).

IFC as a tool to assess inter- and intraspecific pollen size
variability

The size of pollen estimated by IFC in our study ranged from
14.5 + 0.8 um (Parietaria officinalis L.) to 119.1 9.2 pm (Picea
abies (L.) H. KARST) (Fig. 3). Saccate (i.e. vesiculate) Pinaceae
pollen is substantially larger in size than pollen from other plant
families and has the largest size variability of the studied
plant families (genus Pinus 68.2+7.5pum; genus Picea:
© 2025 The Author(s).
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111.1 £ 10.5 pm). Pinaceae pollen form two air sacs as an exinous
expansion to the monad pollen corpus and are therefore morpho-
logically distinct from all other nonsaccate pollen (Fig. 1). By map-
ping pollen size to phylogeny to test for a phylogenetic signal
across the set of the 100 anemophilous species, Blomberg’s K
showed a strong significant phylogenetic signal (K= 1.30,
P=10.001), indicating that closely related species are more similar
in pollen size than would be expected by random evolution. As
indicated by comparing Blomberg’s K including (K= 1.30,
P=0.001) and excluding (K=0.25, P=0.001) Pinaceae from
phylogeny, this phylogenetic signal is mainly driven by Pinaceae.
Although the signal remains significandy different from what
could be expected under a model with no phylogenetic signal, the
pollen size of nonsaccate species might be more influenced by eco-
logical factors or convergent evolution and not be strongly con-
served across related species, as indicated by a low K value. As
such, substantial size differences can be observed for nonsaccate
pollen  between  Carpinus  betulus L. compared with
Carpinus caroliniana WALTER and Carpinus japonica BLUME,
between Fagus sylvatica L. and Quercus species, and between Acer
negundo L. and Acer pseudoplatanus L., but also for saccate pollen
between Pinus bungeana ZUCC. EX ENDL. and other Pinus spe-
cies in which pollen size differentiates substantially between species
at the genus and/or family level (Fig. 3). These differences might
represent forms of environmental adaptation, for example climatic
and geographical adaptation of species that naturally occur on dif-
ferent continents; however, further statistically supported explora-
tion needs measurements from multiple individual plants and
populations, which are not yet covered by our dataset. Sizes of the
90 anemophilous nonsaccate pollen species range from 14.5 pm
(P. officinalis L.) to 50.8 (Luzula sylvestris (HUDS.) GAUD.) with
a mean (£1 SD) species average pollen size of 30.9 & 6.7 pm.
Nonsaccate pollen size varies between plant families up to 2.9-fold
(15.8 + 1.7 pm (Urticaceae)—46.8 + 4.9 pm (Juncaceae)) with an
interspecific size variability of up to 12.6 pm within a plant family
(Betulaceae).

We estimated how much intraspecific and within-individual
variability in pollen size can be expected in the case of
Betula pendula L. pollen, the species that was sampled with the
largest number of individual trees in our dataset. From the 46
individual trees that were sampled overall, 18 trees were sampled
across several years. The mean pollen size, calculated for indivi-
dual trees per year (n=066), ranged from 20.5 to 25.0 pm
(mean = 23.29 £ 0.89 pm) (Fig. 4a). Within-individual variabil-
ity of mean pollen size was up to 2.65pm (mean=

0.99 £ 0.72 pm) between years (Fig. 4b).

Discussion

Imaging flow cytometry measurements could be demonstrated to
be in the same range as previously derived microscopic size mea-
surements from different sources. This is especially interesting
because our protocol deviates from traditionally used protocols in
sample storage, sample preparation (e.g. embedding medium),
time of measurement after sampling and number of measured
pollen (e.g. Beug, 2015), and we consider samples with different

New Phytologist (2025) 246: 1875-1888
www.newphytologist.com
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Fig.2 Agreement between pollen size data measured with imaging flow cytometry and literature values. (a) Comparison per species of mean pollen size (1
SD) measured with imaging flow cytometry (IFC) (sizelFC) and literature values (sizeLIT) provided as minimum, mean and maximum values from (Beug,
2015) (dots), the Pollen-Wiki (Stebler, 2022) (squares) and the Ecological Flora Database (Fitter & Peat, 1994) as contributed to TRY (Kattge et al., 2011,
2020) (triangles). Line of equality: white solid line. Since most pollen grain size ranges from 20 to 50 um, axes were logso-transformed for better
visualization of the highly clustered point space. (b) A Bland-Altman plot that visualizes the difference (diff) between IFC and literature size estimates from
three literature sources against the mean of both estimates per species. Lines denote equality (overall zero diff (white), mean-diff (diff, green), diff 1 SD
(yellow) and diff 2 SD (gray)). Point colors denote the phylogenetic association of a species to a plant family.

sample sizes, of different origins and from multiple years. Sample ~ optimized sampling and storage protocols for all samples to

storage and the medium in which the pollen is situated at the = ensure measuring matured pollen (Box 1).
Also, laser diffraction granulometry can achieve a higher

throughput of millions of measured pollen, but in contrast to

moment of measurement is an important factor, affecting pollen
size estimation, for example by dehydration or swelling

(Mikeld, 1996). Therefore, we took care of applying the same  IFC, it does not allow to quality-control single pollen grains by
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Fig. 3 Anemophilous pollen size in context of plant phylogeny and taxonomy. (a) Mapping of pollen size (species mean of ‘Length’ feature) to the

phylogeny of the 100 investigated anemophilous plant species. (b, c¢) Boxplots visualizing the whole observed variability of pollen size (‘Length’ feature) of

all measured pollen. Species are sorted according to plant taxonomy (order and family level). Note different axis for (b) nonsaccate pollen and (c) saccate

pollen. The solid blue, dashed blue and dashed gray lines denote species mean, mean 1 SD and mean 2 SD pollen size for nonsaccate pollen, respectively.

Numbers in brackets denote the number of individual plants from which pollen was sampled (otherwise only one individual plant was sampled). Further

information (e.g. the number of pollen and years) can be obtained from Supporting Information Table S1. In boxplots, the thick horizontal line represents

the median, hinges the first and third quartiles (interquartile range (IQR)) and whiskers extend to the 1.5 IQR.
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Fig. 4 Intraspecific and within-individual pollen size variation of Betula pendula ROTH. (a) Frequency of observed mean pollen size (‘Length’ feature) of
Betula pendula ROTH that was calculated for each individual tree per year (n). The blue lines denote the mean size (solid) and the interquartile range (25™
and 75t percentile, dashed) of all measured pollen. n;, number of individual plants; np, number of pollen; ny, number of years. (b) Shown exemplarily for
one B. pendula ROTH tree, imaging flow cytometry can be used as a tool for analyzing within-individual plant pollen size variation across years, for
example to explore variation by climate and habitat. Lines denote 5, 25, 50t (median), 75" and 95'" percentiles.

using images, for example for separating heterospecific from con-
specific pollen or dirt and other particles of the same size within
a sample (Bell er al, 2018). Other automated and/or
high-throughput imaging methods use acetolyzed samples, need
to include additional segmentation steps and deal with overlap-
ping pollen or do not report on the fit of the mask that was used
during image analysis that might largely impact size estimation,
as shown in this study (Allen er al, 2008; Holt & Bebbing-
ton, 2014; Theuerkauf et 4/, 2024). Barnes ez al. (2023) heated
pollen to 90°C before IFC measurement to increase the auto-
fluorescence of pollen; however, this strong heat treatment can
alter morphological features. It might be noted that the size of
pollen measured in air might also differ from pollen embedded
in a liquid for measurement, which can be relevant for pollen dis-
persal models.

Some small and consistent discrepancies in pollen size for spe-
cific plant families between IFC measurements and literature esti-
mates might relate to differences in aging, sample preparation
and dehydration. Pollen reported by Beug (2015) was treated by
acetolysis (acetic anhydride and sulfuric acid; 10:1) and
embedded in glycerine—gelatine according to Kisser, which both
can cause swelling of pollen (Mikeld, 1996) and might corre-
spond to the slightly larger pollen sizes observed for most plant
families compared with IFC data for this dataset. Interestingly,
pollen sizes reported by Stebler (2022) show the opposite trend
(e.g. slightly smaller pollen of Betulaceae), although the pollen
was treated in a similar way with acetolysis and embedding
pollen in glycerine—gelatine according to Kaiser, suggesting other
factors such as the time of sampling during the flowering period,
genetic variation, environmental conditions at a plants’ location
or unexplained variation causing the observed differences in pol-
len size. As such, ploidy and nutrients have been reported to con-
tribute to differences in pollen size (Johansen & von
Bothmer, 1994; Lau & Stephenson, 1994).

We observed large intraspecific and within-individual varia-
tion, although our data only capture a small spatial gradient
around the city of Leipzig. Albeit only exemplarily shown for
Betula pendula ROTH, for which we sampled most true

New Phytologist (2025) 246: 1875-1888
www.newphytologist.com

biological replicates (individual trees), intraspecific pollen size
varied largely by up to 4.5 pm (mean value) between individuals
and years. Even within-individual variability between years was
up to 2.6 pm (mean value), which is in the order of size differ-
ence that was used to discriminate between Betula L. species in
former studies (Mikeld, 1996; Theuerkauf ez al., 2024).

Since the method is now at hand, it would be interesting to
explore inter- and intraspecific variation in pollen size further
across larger spatial and temporal gradients and climatic zones to
study how explanatory biotic and abiotic variables relate to pollen
size (Wel et al., 2024; Walther ez al, 2025). In that context, it is
particularly interesting that the lowest goodness of fit was
observed between IFC estimates and data from the Ecological
Flora Database representing data from Great Britain that might
also represent the largest difference in environmental conditions
between sampling sites of the analyzed datasets.

In addition to the environment, a strong evolutionary con-
straint on anemophilous pollen size could be not only adaptation
to wind-dispersal (Ackerman, 2000; Culley ez a4/, 2002; Fried-
man & Barrett, 2009) but also the matching female flower traits
that might relate to the magnitude of observed interspecific varia-
tion across phylogenetic groups. Although we did not analyze
pollen size in the context of other plant traits in this study, we
tested for a phylogenetic signal in which a strong signal might
suggest coevolution of pollen size and floral or vegetative plant
traits that are distinct for certain phylogenetic groups. We could
only detect a strong phylogenetic signal for Pinaceae across the
set of 100 anemophilous species. The sacci of Pinaceae have been
reported to play an adaptive aerodynamic role (Schwendemann
et al., 2007; Grega et al., 2013); however, the ‘floating hypoth-
esis’ by Leslie (2010) in fact reveals their functional role to float
droplet the
downward-facing ovule that is a strong evolutionary constraint in
Pinaceae and different from the other anemophilous species
(Halbritter ez al., 2018). By contrast, only a weak phylogenetic

upwards in a liquid pollination towards

signal was present for nonsaccate species, confirming the results
of Wei ez al. (2023) who also detected only a low phylogenetic
signal for Poaceae. The observed low variance in nonsaccate

© 2025 The Author(s).
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Box 1. Protocol for anemophilous pollen sampling, sample preparation and measurement using imaging flow cytometry (IFC)
Materials

(1) Reagents
¢ Pollen sample (freshly collected, frozen or purchased material)
¢ Reagents for pollen sample processing for cytometric measurement
o Pollen isolation buffer (PIB) (see the Reagent set-up section)
m KH,PO, (e.g. cat. no. 1648; Th. Geyer GmbH & Co. KG, Renningen, Germany) [Correction added on 24 April 2025, after first online publi-
cation: the details listed in this bullet point have been amended.]
m EDTA (e.g. cat. no. 131669; AppliChem GmbH, Darmstadt, Germany)
m Triton X® 100 (e.g. cat. no. 3051.3; Carl Roth GmbH & Co. KG, Karlsruhe, Germany)
o Dulbecco's Phosphate Buffered Saline (DPBS) 1x w/o calcium w/o magnesium (e.g. prepare dilution from 10x solution cat. no. X0515;
Biowest, Nuaillé, France)
¢ Flow cytometry reagents
o Sheath fluid
= DPBS 1x w/o calcium w/o magnesium (e.g. prepare dilution from 10x solution cat. no. X0515; Biowest, Nuaillé, France)
o Sterilizer
= Sodium hypochloride 0.6% (e.g. prepare dilution from cat. no. 1305.1000; Th. Geyer GmbH & Co. KG, Renningen, Germany)
o Debubbler
m 70% 2-Propanol (HPLC grade)
o Cleanser
= For example, FlowClean Cleaning Agent (cat. no. C48093; Beckman Coulter Ireland Inc., Lismeehan, Ireland)
o Speed Bead® Image Stream®X System Calibration Reagent (cat. no. 400041; Cytek Biosciences B.V., Amsterdam, the Netherlands )
(2) Equipment
¢ Materials for pollen sampling and sample processing for cytometry
o Paper bags (e.g. flat paper bag 130 x 180 + 20 mm, cat. no. 3.130.003; Baumann Saatzuchtbedarf, Waldenburg, Germany) may be used
o Forceps, Petri dishes (10 cm diameter) (for the transfer of plant material, inflorescences, or flowers and the removal of larger plant residuals
from pollen material before sieving)
o Drying cabinet (for gently drying of plant materials)
# RECOMMENDATION - A drying cabinet should be used with a ventilation system that not only heats but also actively reduces the humidity
by ventilation in the chamber; otherwise, the plant material may become moldy. Paper bags are preferred to plastic bags in order to achieve
good drying results and avoid electrostatic charging.

! CAUTION - Close paper bags carefully to prevent the spread of pollen through ventilation.

o Filter for sieving pollen materia |
# RECOMMENDATION - Use filters that fit sample tubes for fast and complete sieving of pollen material directly into sample tubes (e.g. Cell-
Trics® Filter — 30, 50, 100 pm (cat. no. 04-0042-2316, 04-0042-2313, 04-0042-2313), Sysmex Deutschland GmbH, Norderstedt, Germany;
Filcon® Filter — 70 pm (cat. no. 12170-67), Siid-Laborbedarf GmbH, Gauting, Germany).

# RECOMMENDATION - The mesh size should be selected based on the expected pollen size (if known) in order to avoid systematic bias.

o Sample tubes suitable to fit CellTrics® or Filcon® — Filter (e.g. 2.0 ml Eppendorf Safe-Lock Tubes (cat. no. 0030120094); Eppendorf SE, Ham-
burg, Germany)

o Sample tubes suitable for flow cytometry (e.g. 1.5-ml Eppendorf Safe-Lock Tubes (cat. no. 0030120086); Eppendorf SE) ! CAUTION — Only
1.5-ml sample tubes fit the ImageStream®X MK Il flow cytometer (Amnis, subsidiary of Cytek Biosciences B.V., Amsterdam, the Netherlands) in
the case of manual mode of measurement. In case of using an auto sampler attached to the instrument, other sample tube sizes may be used.

o Sample tube holder

o Pipette

o Ultrasonic bath
I CAUTION - For this protocol, we used an ordinary ultrasonic bath, for example for cleaning glasses (Bandelin Sonorex Digitec DT 31 H, Ban-
delin electronic GmbH & Co. KG, Berlin, Germany; 35 kHz, 21°C). However, when using an ultrasonic bath, check empirically if pollen might
be destroyed by too high acoustic intensities and reduce acoustic intensity accordingly.

o Vortexer

o Centrifuge (e.g. Eppendorf 5425R; Eppendorf SE)

o —20°C freezer for sample storage

¢ Materials for cytometry
o Imaging cytometer, for example ImageStream®X MK Il flow cytometer (Amnis subsidiary of Cytek Biosciences B.V., Amsterdam, the Netherlands)
# RECOMMENDATION — When working with a two-camera ImageStream®X MK Il system, a non-colinear laser alignment is recommended
(see also patent publication US020200278300A1/EP000003692357A) (Dunker, 2020).

o Appropriate software for the measurement (instrument-specific Inspire software (here we used v.200.1.620.1)) as well as processing raw image

files (.rif) (Ipeas software (here we used v.6.2.187.0)).
(3) Reagent set-up
¢ Pollen material

o Sampling

# RECOMMENDATION - Samples should be fresh, ideally sampled from intact flowers or inflorescences. Partly opened or open anthers (or

complete parts of inflorescences in the case of tiny anthers) can be transferred with forceps directly into 2-ml sample tubes to reduce the loss

© 2025 The Author(s). New Phytologist (2025) 246: 1875-1888
New Phytologist © 2025 New Phytologist Foundation. www.newphytologist.com
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of pollen. We recommend the extraction of pollen immediately after sampling to prevent effects of aging or molding of pollen in the tubes
(see the Procedure section).
A CRITICAL - It is important to choose an appropriate developmental stage of pollen. Note that not fully developed (i.e. unripe), senescent,
degraded or otherwise differentiated pollen may deviate in pollen traits from fresh, matured pollen.
I CAUTION - In particular, most anemophilous pollen have an allergenic potential and may cause sensitization. Therefore, use personal protec-
tive measures: goggles — prevent eye irritation; FFP2 mask — avoid inhalation; disposable gloves — avoid skin contact; use of a fume hood —
avoid spread of pollen in the laboratory; strict separation of laboratory clothing from daily clothing — avoid spread of pollen outside laboratory;
and wearing of oversleeves — reduce the amount of pollen on clothing. In case of highly allergenic pollen material such as of Ambrosia artemi-
siifolia L., a fullbody suit should be used and be disposed.
o Gently drying of inflorescences and pollen material
# RECOMMENDATION - Usage of fresh pollen from ripe and partly opened anthers should be preferred (as described earlier). When a larger
amount of pollen material is needed (i.e. to perform additional analysis) or pollen should be stored at room temperature (i.e. prevention of
molding), intact inflorescences/flowers with ripe pollen but not yet opened anthers can be sampled. The time of sampling should be as close as
possible before natural opening of anthers (c. 1 d), which requires extensive (i.e. daily) monitoring of phenology to guarantee collection of fully
developed/matured pollen based on observations when first opening of anthers occurs within a local plant population. Flowers/inflorescences
are collected into paper bags and dried gently at 30°C in a drying chamber in order to prevent changes on pollen chemistry, physiology and/or
pollen morphology due to heat treatment (i.e. degradation of enzyme activity or pigments). The gently drying causes opening of anthers,
allowing for complete sampling of released pollen into the paper bags.
I CAUTION - Close paper bags carefully to prevent the spread of pollen through ventilation.
o Pollen sieving to remove artefacts (plant debris, insects, etc.).
# RECOMMENDATION - Use of filters that fit sample tubes to reduce loss of pollen material. The filters are placed on the sampling tube and
pollen is sieved using a gentle tapping motion.
o Storage of pollen samples:
m Storage at room temperature
I CAUTION - Molding must be avoided when storing pollen samples at room temperature, thus storing only dried material (as described
earlier). The period for which pollen can be stored might differ between species and should be determined empirically. In any case, materials
potentially colonized by pests (fungi, insects and tissues with insect eggs laid on) harbor risk of biological contamination or loss of pollen due
to feeding insects, and should therefore be avoided.
m Storage at —20°C in a freezer
® PIB — 100 mM KH,PQOy, pH 7.5; 1 mM EDTA; 0.1% (v/v) Triton X-100 (according to Aloisi et al., 2015) with the modification of using KH,PO,
instead of NaHPO,.
(4) Equipment
* Flow cytometer: Check that reagent containers (Sheath, Sterilizer, Debubbler, Cleanser and Rinse Reagent (0.2 um filtered deionized water)) are
filled and waste container is emptied. Run the ASSIST test for calibration of the system (recommended on a daily basis before the start of the mea-
surements). In case of not proper functioning of fluidics or air bubbles and/or blocking particles in the tubing system, the ASSIST test will result in
an error.
(5) Procedure
¢ Pollen extraction protocol
o Transfer sieved pollen material (we recommend not to use > 1 mg), a part of an inflorescence or partly open/open anthers into 2.0-ml sample
tubes.
Add Pollen Isolation Buffer to samples (usually 200700 pl to cover the sample).
Place samples for 5 min in an ultrasonic bath to separate pollen and destroy aggregates.
Vortex samples
Filter samples (see the Equipment section) into 1.5-ml sample tubes.
# RECOMMENDATION - By pouring the samples directly from the sampling tubes into the filters, a fraction of pollen might still stick to walls
of the sampling tubes and the filter. Rinsing sampling tubes a second time with PIB (minimum 200 pl) reduces pollen loss during sample pre-
paration.
o Centrifuge samples (4000 g, 2 min) and remove supernatant.
o Add DPBS to the pollen pellet and vortex (usually 50-100 pl DPBS is added).
¢ We recommend immediate measurement of prepared pollen samples. Otherwise, store prepared pollen samples at —20°C until measurement.
* Measurement
o Settings used for this protocol
m 488 nm laser intensity: 5 mW
m 561 nm laser intensity: 20 mW + neutral density filter (ND 1.0)
m 785 nm laser intensity: 0.1 mW
= Magnification: x40 objective recommended for pollen < 60 pm, x20 objective recommended for pollen > 60 pm.
I CAUTION - The upper size limit depends on the used filter size during sample preparation. We recommend using a maximum filter size of
100 pm to prevent clogging of fluidics. However, elongated pollen with large size in the longest direction that can pass the filter can still be
measured (c. 120 pm).

O O O O

m Flow speed: The flow speed is set to ‘Low’; otherwise, image quality is not sufficient to derive accurate cell size estimates.

New Phytologist (2025) 246: 1875-1888 © 2025 The Author(s).
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= Acquired particle number: We aim to collect data of 5000 particles if possible or restrict the time to a maximum of 10 min.
m Pixel resolution

%20 objective at ‘Low’ speed 1 x 1 pm.

x40 objective at ‘Low’ speed 0.5 x 0.5 pm.
# RECOMMENDATION — A minimum of 50 pl sample volume should be prepared in the autosampler mode, since lower volumes might
impede the fluidics system. In the manual mode, the minimal sample volume can be 30 pl. If the manual mode is used, it is recommended to
sufficiently vortex the sample before being measured but avoid air bubbles in the sample, which can affect stable laminar flow.
# RECOMMENDATION - A threshold on size should be used during image collection in order to reduce data storage of nonpollen images (i.e.
small debris particles).
A CRITICAL - If size threshold is set too high, a systematic exclusion of potentially relevant pollen might happen. For single species samples,
the threshold can be more restricted in comparison with mixed species samples or environmental samples with an unknown pollen composi-

-

tion.

o Expected data storage space

o Metadata storage

etal., 2012).
¢ Data export
o Export as fcs-file or txt-file via the Ibeas software

o Further information on software, settings and performance of measurements, etc., is available in the manufacturer’s instructions.

= Measurements with images of 5000 acquired particles usually result in a storage space of c. 100-500 Mb (rif-file). Conversion of files into
cif- and daf-files during data analysis will increase disk space by a factor of c. 2.

= Metadata documentation is very important for a FAIR data management practice and a sustainable data life cycle.
# RECOMMENDATION - It is recommended to store all relevant information on sample collection and processing, instrument details, mea-
surement and data analysis templates, purpose of the experiment, according to the MIFlowCyt standard (Lee et al., 2008; Spidlen

o Exportimage features via R environment (Demont et al., 2024) (see supplementary example script)

pollen size across species compared with the variance expected by
a Brownian motion model suggests a larger importance of adap-
tive evolutionary processes that might be adaptation to a certain
size range that is optimized for wind-dispersal (Ackerman, 2000;
Culley et al., 2002; Friedman & Barrett, 2009) or environmental
conditions that should not vary much within the here-sampled
spatial scales.

In this study, we focused on anemophilous (i.e. wind polli-
nated) species and adapted our workflow to separate HQ pollen
images from remaining images based on bivariate plots of
selected image features, using ‘circularity’ as a discriminating
image feature. Although, to our knowledge, this workflow fits
most pollen, it might be adapted to specific pollen types that lar-
gely deviate from the here-analyzed mostly spheroid pollen types
in their shape (e.g. for adapting a gating strategy fitting zoophi-
lous pollen species). In addition, flawed or inaccurate masks can
have a significant impact on the estimation of overall image fea-
tures (Dominical ez al, 2017); thus, great care was taken to
ensure the accuracy of the mask by using standardized beads
to best fit the pollen area on an image across the size range of ana-
lyzed anemophilous pollen ranging from Urticaceae to Pinaceae
pollen (Fig. 1).

Entomophilous pollen was not specifically part of this work.
However, these pollen grains encounter an even greater varia-
bility in pollen sizes and shapes. Therefore, when developing
suitable gating strategies as well as for identifying appropriate
masks, great care has to be taken to apply the most suitable
mask and derive microscopy-related size traits, especially for
noncircular pollen. In that case, polar and equatorial views also
need to be considered when deriving size traits. Size properties
of fossil pollen can principally be derived in the same way as

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

described here, but species size properties differ in contrast to
recent pollen (Barnes ez al, 2023). However, the described
method also allows high-throughput analysis of fossil pollen to
increase spatial data coverage (Dunker ez a/., 2022).

Compared with the usually not > 50 microscopically measured
pollen grains, based on some hundreds or thousands of individually
measured pollen grains per sample, we are likely to decrease SE
and confidence interval widths, increasing the chance of finding
statistically significant differences even with a tiny effect size, for
example for exploring within-individual pollen size variation across
years (Fig. 4). Thus, with the large sample size, inter- and intraspe-
cific variation and biological significance of group differences can
be assessed with a yet-unprecedented accuracy and statistical power.
Nonetheless, we want to encourage that such high-throughput
methodologies need to fulfill certain data standards regarding data
quality and data management in order to be used in routine moni-
toring (Hornick er al,, 2022; Moore et al., 2024). For that reason,
our workflow includes a manual inspection of pollen grains in
order to guarantee a high data quality of our dataset. However, this
manual step for data quality control might be replaced by auto-
mated protocols for outier detection or machine learning/deep
learning models (Dunker e# al, 2021) that can adequately replace
this task in the future.

Conclusion

We show that IFC can be used as an accurate and good alterna-
tive approach to microscopy for measuring pollen size, while pro-
viding the advantage of a high-throughput method. Thus, our
approach can strongly improve spatial and temporal pollen size
assessment relevant for community and functional ecology,
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aerobiology, evolutionary biology, macroecology or paleobotany.
The high-throughput method allows for a detailed analysis of
pollen size and its variability not possible with standard methods,
thus improving pollen forecast models and biodiversity monitor-
ing by filling a data gap in biodiversity research and allowing for
the exploration of large-scale patterns in species distribution and
trait evolution in relation to environmental variables. Albeit we
particularly focused on the measurement of pollen size, addi-
tional features can also be extracted from pollen images (e.g.
shape, texture and multispectral fluorescence intensities), allow-
ing for easy adaptation of the here presented workflow for general
trait research.
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Fig. S2 Size (‘Length’-feature) of L20 latex beads estimated by
imaging flow cytometry using different mask settings.

Table S1 Measured pollen size using imaging flow cytometry
and metadata, including taxonomic information, number of col-
lected years and orientation of pollen per species.

Table S2 Pearson’s r correlation coefficient between imaging
flow cytometry size features and literature values.
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