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* Background and Aims Automatized species identification tools have massively facilitated plant identification.
In mosses, spore ultrastructure appears to be a promising taxonomic character, but has been largely under-
exploited. Here, we test artificial intelligence-based approaches to identify species from their spore
morphology. In particular, we determine whether the number of spores, their polarity, and variation among
populations and capsules affect model accuracy.

* Methods Scanning electron microscopy spore images were generated for five capsules of five populations in ten
species. Convolutional neural networks with a highly modularized architecture (ResNeXt) were trained to identify
the species, population and capsule of origin of a spore. The training set was progressively sub-sampled to test the
impact of sample size on model accuracy. To assess whether variation in spore morphology among populations
affected model accuracy, one population was successively removed to test a model trained on the four
remaining populations.

* Key Results Species were correctly identified at average rates of 92 %, regardless of polarity. Model accuracy
decreased progressively with decreasing sample size, dropping to about 80 % with 15 % of the initial dataset. The
population and capsule of origin of a spore was retrieved at rates >75 %, indicating the presence of diagnostic
population and capsule markers on the sporoderm. Strong population structure in some species caused a
substantial drop of model accuracy when model training and testing was performed on different populations.

¢ Conclusions Spore morphology appears to be an extremely promising tool for moss species identification and
may usefully complement the suite of morphological characters used so far in moss taxonomy. The presence of
spore diagnostic features at the population and capsule level raises substantial questions on the origin of this
structure, which are discussed. Substantial infraspecific variation makes it necessary, however, to train an
automatized identification tool from a range of populations and capsules.

Key words: Bryophytes, convolutional neural networks, scanning electron microscopy, species identification,
spores, sporoderm, ultrastructure.

INTRODUCTION capacity of particles in the air (Katul et al., 2005). Spores and

. . pollen are thus important components of the atmospheric micro-
Mosses, the most diversified phylum of bryophytes composed biome (Frohlich-Nowoisky et al., 2016), with up to 100 spores

of about 13 000 species (Goffinet et al., 2008), disperse primar- per m> in ambient air (§éevkové1 et al., 2024). Not all spores,
ily by spores. The small size of the latter, typically of 10-30 um,  however, are shaped for wind dispersal. Some exhibit larger siz-
is inversely proportional to their settling velocity (Zanatta et al.,  es than average (e.g. Archidium, 150-200 pum) or higher settling
2016), which is one of the key parameters of the dispersal velocities than expected given their size (e.g. Encalypta
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vulgaris) (Zanatta et al., 2016), as if dispersal capacity would be
counter-selected for in the context of a safe-site strategy
(Medina and Estébanez, 2014). As for seeds (Matlack, 1987)
and pollen grains (Niklas, 1985), departures of spore settling ve-
locities from expectations based on their size could be caused by
variations in their surface ornamentation patterns (Medina and
Estébanez, 2014; Zanatta et al., 2016).

The ornamentation of the perine, the external-most layer of
the spore, was initially described by using light microscopy,
leading to the publication of an ‘atlas’ of European moss spores
(Boros, 1975) and the description of morphological groups
based on shape and wall structure (Brubaker et al., 1998;
Passarella and Luizi-Ponzo, 2019). Scanning electron micros-
copy (SEM) additionally revealed another order of ornamenta-
tion above that seen with light microscopy, highlighting striking
differences among spores that appear identical under light mi-
croscopy (Clarke, 1979).

Spore ultrastructure thus appears as an extremely promising
source of taxonomic characters. Clarke (1979) highlighted
that spore morphology is most useful at and above the genus
level. Smith (1974), for instance, proposed a generic rearrange-
ment of Polytrichaceae supported by spore morphology. Spore
morphology has also been used as a key character in identifica-
tion floras in a few genera, such as Microbryum and Ephemerum
(e.g. Smith, 2004). However, the taxonomic potential of bryo-
phyte spores remains largely under-exploited. As Dickson
(1986) noted, no keys exist for the identification of moss spores
in palaeoecological studies, challenging their use for recon-
structing palacovegetation, and hence palaeoclimates. In the
air biome (Lacey and West, 2006), bryophyte spores are tenta-
tively identified by visual comparison with published photo-
graphs such as those of Boros (1975). The only way to
achieve certain identification is by growing spores and use
available keys for fully developed plants (Barb€ er al., 2016).

Describing spore morphology and comparing spores is chal-
lenging for two reasons. First, spores may be isopolar, with an
almost completely spherical shape and a more or less uniform
ornamentation pattern (Horton, 1982), or asymmetrical. Spore
asymmetry raises the issue of which side is observed, and hence
of homologous comparisons among spores. The aperture, a wall
specialization located at the proximal pole through which the
germ tube emerges (Mogensen, 1983), could at first sight readily
serve as a means to unambiguously locate the proximal side. In
mosses, four types of aperture can be recognized (Boros, 1975):
atreme (without a distinct aperture), katalept (thin-walled trema-
like area), trilete (with a triradiate mark that corresponds to the
scar left by the union of the proximal sides of the spores in the
tetrad) and monolete (with a single straight tetrad scar). A trilete
mark is an obvious feature, but is only present in Sphagnum,
Takakia and Oedipodium (Renzaglia et al., 1997; Brown et al.,
2015), and typically lacking in the Bryidae (‘true’ mosses) (Cao
and Vitt, 1986; Goffinet et al., 2008; Brown et al., 2015, but see
Boros, 1975; Brubaker et al., 1998; and Aslan et al., 2022 for re-
ports of a trilete mark in extant Bryidae). The aperture is not dis-
tinct in the so-called ‘atreme’ type (Boros, 1975), which is
typically found in pleurocarpous mosses (Boros, 1975; Kungu
et al., 2007; Alfayate et al., 2013), i.e. about half of the moss spe-
cies diversity. Even in spores described as ‘katalept’, such as those
of Grimmia (Boros, 1975), no local specialization, which could be
interpreted as an aperture, was observed by Estébanez et al. (1997)
using SEM and transmission electron microscopy (TEM).

The ornamentation of the perine (the spore outermost layer),
which typically varies between the proximal and distal side of
the spore, could offer another means to define the polarity of
a spore. The distal side of the spore is in contact with the internal
capsule tissue called tapetum, which leaves a distinct imprint on
the perine, whose external elements are characterized by irreg-
ular protuberances and verrucae, and often ornamented by sec-
ondary processes (Medina and Estébanez, 2014). The proximal
side is in contact with the other spores of the tetrads and is there-
fore less conspicuously ornamented (Mogensen, 1983).
Determining spore polarity from its ornamentation patterns is,
however, complicated as the perine elements, made of sporo-
phytic tissues or their remains, may come off, leaving the sur-
face free of verrucae (Medina and Estébanez, 2014). Spore
polarity may be unambiguously defined by cytoplasmic fea-
tures, but the observation of the latter requires TEM imagery
(Estébanez et al., 1997).

Second, spore morphology may exhibit infraspecific variation,
either within or among capsules. Within a capsule, spore size typ-
ically follows a unimodal distribution (isospory), but in various
cases different categories of spores with different size ranges
may be found. For instance, in dioicous species with extreme sex-
ual dimorphism (dwarf males), small (male) and large (female)
spores are produced within a single tetrad (anisospory)
(Mogensen, 1983). Infraspecific variation has also been reported
among capsules in terms of size, but also sporoderm ornamenta-
tion (Ireland, 1987). In some species, such as Lewinskya affine,
infraspecific heterogeneity is higher than interspecific variation
(Medina et al., 2009). Estébanez et al. (1997) therefore conclud-
ed that interpopulational variability, especially in geographically
remote specimens, could decrease the usefulness of spore ultra-
structure as a species-specific marker.

In this context, image-based automated species identification
systems appear promising. Initiated about 15 years ago to allow
species identification from pictures by non-specialists, such ap-
proaches, boosted by the fast-growing availability of plant and
animal pictures and substantial progress in machine learning al-
gorithms, notably convolutional neural networks (CNNs), have
recently become a reliable alternative to manual identifications
(Wildchen et al., 2018, Wéldchen and Mider, 2018). In plants,
identification tools such as Leafnet (Barré et al., 2017),
Pl@ntNet (https:/plantnet.org/) and Flora Incognita (Méder
et al., 2021) are now massively used for species identification
from photographs by a large public. Artificial intelligence
(AI)-based approaches have also increasingly been used for au-
tomatized identification of species or higher-level taxa from
photographs of pollen grains (Punyasena et al., 2022;
Matavulj et al., 2023) and microscopic algae (Kloster et al.,
2020; Gunduz and Gunal, 2024; Kwon et al., 2025) under light
microscopy or SEM.

The present paper aims to investigate whether moss species
can, and under what conditions, be identified from the automa-
tized analysis of their spore ornamentation patterns. More pre-
cisely, we attempt to address the following questions:

(i) Can CNNs correctly assign a species name from a spore
microphotograph, and with what accuracy (Q1)?

(i) Does spore polarity affect model accuracy (Q2)? Pictures
of the distal side, which is often more ornamented than the
proximal side, are expected to be more informative for
species identification.
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(iii) How many pictures are needed to train the network, and
how does model accuracy vary depending on the number
of spores employed (Q3)?

(iv) To what extent do spores among populations and among
capsules within populations vary (Q4a), and how does
this affect the sampling design required to efficiently train
the network (Q4b)?

MATERIAL AND METHODS

Species selection and specimen sampling

Ten species of Bryophytina sensu Goffinet et al. (2009) (i.e. peristo-
mate mosses, excluding Takakiophytina, Sphagnophytina,
Andreaeophytina and Andreaeobryophytina) were selected to span
the range of spore diameter, i.e. from around 8 um to >200 um,
across the Polytrichopsida (Polytrichum piliferum Hedw.) and the
Bryopsida. Within the latter, Funariidae [Encalypta vulgaris
Hedw. and Physcomitrium pyriforme (Hedw.) Bruch & Schimp],
Dicranidae [Archidium alternifolium (Hedw.) Mitt., Microbryum
davallianum (Sm.) R.H.Zander], Bryidae: Bryales [Pohlia nutans
(Hedw.) Lindb.], Bartramiales [Philonotis fontana (Hedw.) Brid.],
Orthotrichales [Ulota bruchii (Hornsch. ex Brid.)] and pleurocarps
[Neckeropsis disticha (Hedw.) Kindb., Sematophyllum subsimplex
(Hedw.) Mitt.] were sampled. For each species, five capsules
from each of five collections were sampled. The collections were se-
lected to maximize geographical distance among populations across
species distribution ranges. For species with trans-oceanic distribu-
tions, such as Neckeropsis disticha and Pohlia nutans, we sampled
collections from the Neotropics and sub-Saharan Africa, and from
Europe and North America, respectively. To ensure that fully ma-
ture spores were sampled, we focused on capsules that were either
already opened but with spores inside, or still operculated but, in
species where it is present, with a fully developed peristome, indic-
ative of capsule being mature. A list of the specimens used for the
experiments is provided in Supplementary Data Table S1.

Scanning electron microscopy

To minimize distortion or collapse in the vacuum chamber of
the scanning electron microscope, spores were dried in a
critical-point drier (Anderson, 1951). Prior to critical-point dry-
ing, isolated spores were placed on filter paper (medium filtra-
tion rate; particle retention >5 um; VWR International, Leuven,
Belgium), which was placed in a sample holder (stainless steel
tube with meshed top and bottom, Leica Microsystems Belgium
BV, Diegem, Belgium). The latter was submerged for 30 min in
25 % ammonia, 2 X 20 min in 70 % ethanol, 2 X 30 min in di-
methoxymethane and left overnight, then 4 X 15 min in acetone.
After completion of these preliminary steps, the spores were
dried in a critical-point dryer (Leica EP CDP 300, Leica
Microsystems Belgium BV) and then mounted on a double-
sided carbon sticker (Agar Carbon Tabs, Agar Scientific,
Rotherham, UK) taped on a 12.7-mm aluminium specimen
stub (Agar Scientific). The stubs were placed in a high resolu-
tion fine sputter coater for field emission SEM (JFC-2300HR
Coating Unit, JEOL Europe BV, Zaventem, Belgium) and coat-
ed with a layer of approximately 6 nm Pt/Pd (using argon-gas,
under 0.05 mbar pressure). SEM was carried out with a JEOL
JSM-7100FLYV field emission SEM (JEOL Europe BV) with a
low tension of 1kV to avoid charging and damaging the

samples and a working distance of 6 mm. Magnification ranged
from 2000x to 9000x depending on spore size.

Within each capsule, our initial goal was to select five spores
for each of the distal, proximal and equatorial views. Defining
spore polarity proved, as mentioned above, extremely challeng-
ing. As Estébanez et al. (1997, 2006) and Medina & Estébanez
(2014) previously noted in Grimmia, Ptychomitrium and
Orthotrichum, no evident aperture was observed. Polarity was
readily defined in some species, such as Encalypta vulgaris,
whose spores are strongly asymmetric in terms of shape and or-
namentation (Fig. 1A). In others, such as in Polytrichum pilife-
rum, spores were spherical and hardly displayed variation in
ornamentation patterns (Fig. 1B).

Two datasets were generated. Dataset 1 was our ‘best’ dataset.
It included only images of distal views of five spores per capsule
in the case of the species for which polarity could be defined (i.e.
Archidium alternifolium, Encalypta vulgaris, Philonotis fontana,
Pohlia nutans, Polytrichum piliferum, Sematophyllum subsimplex
and Physcomitrium pyriforme), and an identical number of pic-
tures (125) for the remaining species, for which polarity could
not be unambiguously defined. Dataset 2 included additional im-
ages of spores in equatorial and proximal view for Archidium al-
ternifolium, Encalypta vulgaris, Philonotis fontana, Pohlia
nutans, Polytrichum piliferum, Sematophyllum subsimplex and
Physcomitrium pyriforme. Because the proximal side tends to
be flatter than the distal one, the majority of the spores appear
in distal view, so the number of available pictures in equatorial
and proximal views differed substantially among species, for a to-
tal of 1548 pictures in Dataset 2 (Supplementary Data Table S1).

Data analysis

CNNs were implemented to develop an automatized identifi-
cation tool of moss species from SEM photographs of their
spores. An overview of the workflow is presented in Fig. 2.
We used the default parameters of a Python program adapted
from an established training protocol (PyTorch Reference
Classification, TorchVision maintainers and contributors,
2016) with a ResNeXt-50-32x4d architecture (Xie et al.,
2017) and cosine annealing to adaptively adjust the learning
rate. The data were split into a training set (80 % of the data)
and a test set (20 % of the data). The training phase, during which
species names (‘class labels’) were associated with each training
picture, allowed the network to learn spore characteristics
(‘feature vectors’), establishing a classification rule in a super-
vised manner. This training process was repeated for 100 epochs
(an epoch being one complete pass through all the training imag-
es during the learning process), where all training pictures were
presented to the network in randomly chosen mini batches per
epoch. The iterative training allows the network to optimize
the extraction of feature vectors, informing a predictive model
that maximizes the link between the predicted species name
(‘predicted class’) and the actual one. Visual inspection of the
accuracy vs epoch graph (Supplementary Data Figs S1-S3) con-
firmed that 100 epochs were sufficient for the model to reach sta-
tionarity in terms of accuracy. The model was then used to
predict the taxonomic identity of the spores included in the
test set, resulting in a confusion matrix reporting the proportion
of correctly identified spores, and in the case of misclassified
spores, the species to which they were wrongly assigned. We re-
peated this process 100 times, each time calibrating the model on
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Fic. 1. Selected SEM photographs of the spores of Encalypta vulgaris (A) and Neckeropsis disticha (B) in distal (1), equatorial (2) and proximal (3) view.
In N. disticha, polarity could not be defined.

a random sample of 80 % of the data and assessing model accu-
racy using the 20 % of remaining data (Monte Carlo cross-
validation), and reported average model accuracy and its stan-
dard deviation across replicates.

One issue with the implementation of such an Al-based ap-
proach is that it is unknown what its classification rules actually
are. This makes it necessary to develop means to visualize which
features of a picture are most relevant to assign the picture to the
correct class (here moss species, population and capsule), both to
determine which features are actually relevant, but also to make
sure that the model does not rely on artefactual information, and
in particular background features (Berganzo-Besga et al., 2025,
and references therein). To visualize the location of the diagnos-
tic features of the sporoderm used by the CNNs to generate their
predictions, a gradient-weighted class activation map, i.e. a heat
map highlighting important regions of an image in terms of rel-
evant feature vectors, was generated. The gradient-weighted
class activation maps were generated following a procedure
named Grad-CAM (Selvaraju et al., 2017). This procedure com-
putes the partial derivatives of a specific class score y© (e.g. the
predicted class c) with respect to the activations A¥ of a convolu-
tional layer, and averages them spatially to obtain importance
weights af =13,%,0y°/0A%. The class activation map is then

LS a-cam = ReLU(Z; afA), highlighting regions in the input
that positively influence the score of class c.

This process was implemented using Dataset 1 and Dataset 2
successively to estimate the effect of integrating spore polarity
on model accuracy (Q1-Q2). To determine whether model ac-
curacy depended on the number of spores used during the train-
ing phase (Q3), the dataset was subsampled at rates of 90 %,
80 %, ..., 15 %. The subsampling was repeated 25 times and,
for each replicate, the procedure described above was repeated
to determine the proportion of correct classification rate. To as-
sess the extent to which spores vary among populations and
among capsules (Q4a), we determined whether there were

population or capsule-species markers that allowed the model
to correctly identify the population or capsule of origin of a
spore. To this end, we subsampled the data in a systematic
way within each of the 50 populations and 250 capsules.
Thus, at the population level 80 % of the pictures within each
population were kept for model training and the remaining
20 % were used for model testing to determine the extent to
which the model was able to assign a spore to the correct species
and population. The same procedure was implemented at the
capsule level. Finally, to determine whether this infraspecific
variation among populations and capsules affected the sampling
design required to efficiently train the network (Q4b), we suc-
cessively removed one out of the five populations per species
to test the model trained based on the data of the four remaining
populations.

RESULTS

When all photographs were used, regardless of polarity, the
CNN was able to correctly assign spore SEM photographs to a
species at an average rate of 92 + 6.5 % across the 100 replicates,
with a minimum and maximum average rate in S. subsimplex
(71 £ 10 %) and E. vulgaris (100 %), respectively (Table la;
Supplementary Data Fig. S1). The standard deviation of model
accuracy across replicates remained <10 %. Average accuracy
did not increase (92 + 6.5 %) when only distal views for polar
spores and any view for apolar ones were employed. In fact,
CNNs were able to retrieve the relevant portion of the spore ex-
hibiting diagnostic features. In the case of spores of E. vulgaris,
which are strongly asymmetrical, informative features were lo-
cated on both the distal and proximal sides (Fig. 3).

Model accuracy decreased progressively when an increasing-
ly smaller proportion of the data was used to train the model
(Supplementary Data Fig. S2), dropping to about 80 % when
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FiG. 2. Overview of the workflow for automatized species identification of

mosses from spore photographs under SEM. Spores are sampled from herbar-

ium specimens and are processed under SEM. Neural network training (based

on 80 % of the data) and testing (based on the remaining 20 %) is conceptual-

ized graphically in three main steps: data provision, feature vector extraction
and model implementation.

only 15 % of the initial dataset was employed in the training
phase. CNNs correctly retrieved the population and capsule of
origin of a spore with an average accuracy of 75+ 2 and
77 +1 % across species, respectively (Fig. S3), pointing to
the existence of phenotypic differences among populations
and, within the latter, among capsules (Fig. 4). Finally, when
data from an entire population were removed to test a model cal-
ibrated on the data from the remaining populations within each
species (Table 1b), model accuracy still was on average 75 +
27 %. There was, however, a substantial variation of model ac-
curacy, but also of the variation of model accuracy among rep-
licates depending on the species. In Ulota bruchii, Encalypta
vulgaris and Physcomitrium pyriforme, models trained on
four out of five populations and tested on the left-over popula-
tion had the same accuracy, constant among replicates, as mod-
els trained and tested on the entire dataset. In other species, such
as Microbryum davallianum or Sematophyllum subsimplex,
model accuracy dropped substantially from 92 and 94 % to 54
and 57 %, respectively, when the model attempted to predict
the identity of spores from a population that was excluded
from the model calibration. This drop of accuracy was paral-
leled by a substantial increase of the variation of model

TABLE 1. Accuracy of an automatized species identification system
based on SEM photographs of spores of ten moss species after
optimization of the feature vectors in 100 replicates of (a) 80/20
splitting of the entire data into training and test sets, and (b)
systematically training the model on four out of the five sampled
populations per species and evaluating it based on the remaining

population.

Species Accuracy (a) (%) Accuracy (b) (%)
Archidium alternifolium 83+6 67 +41
Encalypta vulgaris 100+0 97+5
Microbryum davallianum 92+6 55+33
Neckeropsis disticha 86+ 10 71+£8
Philonotis fontana 97+2 80+ 14
Physcomitrium pyriforme 98+ 1 87+ 11
Pohlia nutans 91+5 80+22
Polytrichum piliferum 97+3 61 +31
Sematophyllum subsimplex 71+ 10 57+37
Ulota bruchii 99+ 1 96 +7

The values represent the average + SD across 100 replicates.

accuracy among replicates, with a standard deviation of model
accuracy peaking at 41 % in Archidium alternifolium.

DISCUSSION

The developed CNNs assign moss spores of a sample of ten un-
related species to the correct species with an accuracy of >90 %
based on SEM photographs. Such a level of accuracy is similar
to that of CNN-based approaches using photomicrographs in
other lineages. For instance, 68 diatom species out of a sample
of 3027 images were successfully sorted-out out at an accuracy
>90 % (Gunduz and Gunal, 2024). In pollen, accuracy levels of
between 70 and 97 % were reported among 3—134 pollen types
at a taxonomic resolution ranging from species to families (see
Punyasena et al., 2022, and references therein). This suggests
that CNNs are an extremely promising tool for automatized spe-
cies identification of moss species based on SEM spore pictures.
The relatively high rates of accuracy reported above were
achieved from SEM images of spores despite the variability
of their sharpness and backgrounds due to, for example, the
presence of remains of capsule walls or filter paper used for
spore sampling. The method thus seems to be robust to varia-
tions in picture quality and be applicable under a range of exper-
imental conditions.

Factors affecting model accuracy

Our results indicate that the ability of the model to assign a
spore to the correct species is not affected by the polarity of
the spore. In fact, adding spore pictures on the equatorial or
proximal view did not lead to a decrease in model accuracy.
This may seem paradoxal since, in polar spores, the distal
side is typically much more ornamented than the proximal
one (Clarke, 1979). Although CNNs do not allow for the char-
acterization of the ornamentation patterns of the spore surface,
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Fic. 3. Initial contrasted SEM pictures (A1, A2) and gradient-weighted class activation maps (B1, B2) of spores of Encalypta vulgaris in side (A1, B1) and distal
(A2, B2) view, highlighting important regions (in blue) in terms of species-specific features derived by convolutional neural networks.

Fic. 4. SEM photographs of spores from two populations (A, B) of Microbryum davallianum. White bar represents 10 um.

gradient-weighted class activation maps highlight the most rel-
evant regions of the spore in terms of diagnostic characters. In
the present analyses, these regions were located on both the
proximal and the distal side of the spore. CNNs therefore appear

to be able to capture specific ornamentation patterns, regardless
of spore exposure. It is also possible that, even for photographs
of the proximal side, a portion of the side of the spore that holds
diagnostic features is most often visible. This is of tremendous
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importance because correctly assigning the polarity of the
spore, which can prove extremely challenging in the absence
of information on the internal structure of the spore by TEM
(Estébanez et al., 1997), becomes a non-issue.

Model accuracy varied depending on the number of spores
employed to calibrate it. CNNs typically require a large number
of observations to avoid overfitting (Goodfellow et al., 2018).
Accuracy decreased progressively from >90 % to about 80 %
when the training set was reduced to 15 % of the initial set.
Based on this, we recommend that, to develop an automatized
species identification tool from moss spore SEM photographs
of moss spores, about 100 spores per species should be targeted.

Most importantly, the leave-one-out population cross-
validation procedure led, in some species, to a substantial
drop in model accuracy and a substantial increase of the varia-
tion of the latter among replicates, highlighting poor model
transferability among populations. In fact, with an accuracy
that varied among species, CNNs were able to identify the pop-
ulation and capsule of origin of a spore at average rates >75 %,
revealing significant differences in spore morphology among
populations and capsules, each characterized by diagnostic
markers on the sporoderm. In practice, this suggests that such
variation must be used to train the model in order to allow
spores from a range of populations and capsules to be correctly
assigned to the species.

Intraspecific variation of spore ornamentation

The phenotypic variation of the sporoderm reported here
among populations and capsules raises the question of its origin.
Spore sampling was restricted here to either open capsules still
bearing spores inside, or to fully mature capsules (as indicated
by the spreading of a fully developed peristome after lid remov-
al), ruling out differences caused by different ontogenetic stages.
Among populations, we suggest that phenotypic differentiation
mirrors genetic differentiation due to the random long-distance
dispersal of spores and subsequent strong founding effects. In
fact, the spore dispersal kernel is typically leptokurtic
(Sundberg, 2005). Spore density is maximum around the close
vicinity of the mother sporophyte but decreases sharply as a
function of the distance from the latter before becoming
completely distance-independent after a few hundred metres
(Lonnell et al., 2012). This means that once airborne, the vast
majority of the spores disperse across very long distances of sev-
eral hundreds or thousands of kilometres (Sundberg, 2013) be-
fore being randomly deposited. This results in a severe
founding effect, expressed by high inbreeding coefficient (Fjs)
values within populations (Eppley et al., 2007) and low but sig-
nificant fixation index (Fy) values among populations (see
Patifio and Vanderpoorten, 2018 for a review). It is tempting
to see in the significant morphological differences between is-
land and continental populations of moss species (Patifio et al.,
2014) a signature of such a founding effect.

Several factors may account for the substantial differentia-
tion among spores from different capsules within the same pop-
ulation. In monoicous species, which represent about one-third
of moss species (Patifio and Vanderpoorten, 2018), high levels
of intragametophytic selfing (within individuals or among indi-
viduals from the same spore after clonal fragmentation of the
protonema), which generates fully homozygous sporophytes,

have been reported (Eppley et al., 2007; Hutsemékers et al.,
2013). In dioicous species, by contrast, intergametophytic self-
ing (among individuals from different spores within the same
sporophyte) rarely occurs (Eppley et al., 2007). In fact, one-
third of the patches of Climacium americanum (Meagher and
Shaw, 1990) and two-thirds in Hylocomium splendens
(Cronberg et al., 1997) include a mixture of genotypes.
Whether such a genotypic differentiation translates into differ-
ences in spore ornamentation patterns would need to be inves-
tigated. Furthermore, it has traditionally been assumed,
because the gametophyte is physically attached to the substrate
and permanently exposed to environmental variation, that spor-
ophytic features are less plastic than gametophytic ones and,
hence, were given primacy in moss classification (Vitt, 1984).
The extent to which spore morphology exhibits plastic variation
would also need to be further investigated.

Taxonomic applications

The large intraspecific variation of spore ornamentation pat-
terns reported here may usefully complement the suite of mor-
phological characters used so far in moss taxonomy. In mosses,
and bryophytes in general, plant body and organ architectures
are rather simple and characterized by rampant homoplasy.
Bryophyte classification has therefore been substantially chal-
lenged by molecular phylogenetics (Bechteler et al., 2023) and
molecular characters increasingly provide useful ‘barcodes’ for
species identification (see Dhyani et al., 2024, for a review). In
particular, morphologically ‘cryptic’ species have been increas-
ingly resolved on molecular bases (Kiebacher and Szovényi,
2024, Mikulaskova et al., 2024, Nieto-Lugilde et al., 2024, and
references therein). Whether spore morphology may contribute
to the diagnosis of such species or higher-level taxa characterized
primarily on molecular grounds remains to be tested. The prelim-
inary results reported here provide, however, some insights to
this question. In fact, the CNN’s ability to correctly identify spe-
cies from spores of a population that was not used for model
training was poorest in Microbryum davallianum and
Sematophyllum subsimplex. The former is quite variable morpho-
logically and includes several varieties (Pilkington, 2022), which
may well correspond to distinct species. The latter is a wide-
spread Neotropical moss, which, as with other widespread pleu-
rocarpous mosses (e.g. Hypnum cupressiforme, KuCera et al.,
2019), may well correspond to a complex of species with differ-
ent sporoderm features. Increasing the accuracy of moss species
identification models from their spores thus requires taxonomic
improvements. In this regard, spore morphology itself may pro-
vide additional taxonomic characters to those of gametophyte
and capsule morphology, as exemplified in the genus
Ephemerum, wherein spore morphology was crucial to diagnose
a series of newly segregated species (Holyoak, 2010).

Limitations and further developments

The preliminary results reported here were obtained based on
a sample of ten unrelated species. Whether accurate species
identification from spore morphology will be achievable in all
genera, or whether spore morphology yields, depending on lin-
eages, diagnostic features at genus level or above, as is the case
with pollen grains (Punyasena et al., 2022), remains to be tested
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by extensive taxon sampling. Previous SEM investigations of
moss spores among congeneric species, however, consistently
revealed taxonomically informative characters in the sporoderm.
In Ptychomitrium (Estébanez et al., 2006), Grimmia (Estébanez
et al., 1997), Orthotrichum (Medina and Estébanez, 2014),
Ulota (Wang and Jia, 2012), Pterygoneurum (Carrién et al.,
1995) and Encalypta (Horton, 1982), species, or species groups,
can be diagnosed based on spore ornamentation patterns.

Furthermore, the analyses presented here relied solely on the
ornamentation pattern of the sporoderm. Other spore features,
and in particular spore size, provide diagnostic characteristics
among species in several genera (e.g. Bryum, Smith, 2004).
Although exhibiting infraspecific variation, especially within
the 20 % of moss species that harbour polyploid populations
(Patel et al., 2019), as is known from ferns (e.g. Dyer et al.,
2013), potentially blurring interspecific variation, spore size
could be integrated to improve the models.

However, adding taxa in the analyses raises a potential con-
cern, that is, whether the model eventually collapses with large
species numbers due to homoplasy. As a comparison, Al-based
approaches in pollen grains are currently limited to 130 species
at most (Punyasena et al., 2022).

The approach proposed here also depends strongly on the
availability of spore samples. In mosses, sporophyte frequency
depends on sexual condition due to the severe constraint that
sperm cells need to swim to the archegonia through a continu-
ous film of water. A survey in the UK revealed that 87 % of
the species, for which sporophytes are unknown, are dioicous,
whereas sporophytes are regarded as occasional to common in
83 % of the monoicous species (Longton, 1997). Thus, develop-
ing tools to identify diagnostic spore traits, and hence use such
traits to assign spores to species, may be challenging for dioi-
cous species, which represent about two-thirds of moss diver-
sity, due to the scarcity of their sporophytes.

Finally, unlike pollen grains, which can be sorted-out under
light microscopy, spore morphology is best revealed under
SEM. SEM involves a time-consuming process of spore pro-
cessing, drying, coating and mounting, and picture acquisition.
Thus, unlike online applications, which make vascular plant
species identifications using smartphone technologies possible
virtually anywhere by a large public (Truong and Van der
Wal, 2024), the identification of moss species from their spore
morphology will be restricted to much more specific applica-
tions by specialists having access to SEM facilities.

CONCLUSION

The present work evidences the usefulness of CNNs as a tool for
the standardized identification of moss species from SEM pictures
of their spores. This method does not make it necessary to define
spore polarity as the ability of the model to distinguish the spores
from different species was not affected by the orientation of the
spore. The existence of population- and capsule-specific features
highlights the necessity of training such a system with a balanced
sampling of spores from different capsules and populations. It
raises a series of questions about the heritability and plasticity
of spore ornamentation patterns. The perspectives to develop an
automatized moss species identification tool from spore morphol-
ogy do not imply the demise of traditional taxonomic approaches
because the challenges to find specimens with mature capsules in

the wild, combined with the necessity to take SEM photographs of
spores, would not make such a tool comparable to plant identifi-
cation systems such as PlantNet or Flora Incognita based on basic
photographs of any part of the plant. Instead, spore morphology
offers a suite of characters that have so far been largely under-
exploited in moss taxonomy and may prove relevant to diagnose
species and higher-level taxa currently mostly resolved in a mo-
lecular context.
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SUPPLEMENTARY DATA

Supplementary data are available at Annals of Botany online and
consist of the following. Figure S1. Accuracy of CNNs trained to
identify moss species from SEM photographs of their spores af-
ter 100 epochs, wherein all training pictures were presented to
the network in randomly chosen mini batches per epoch. The
lines represent the average accuracy across 100 replicates of
80/20 splitting of the data into training and test sets and the
line colour indicates whether all photographs regardless of po-
larity (all samples) vs only photographs in distal views for polar
spores and any view for apparently apolar ones were employed
for model training. Figure S2. Accuracy of CNNs trained to
identify moss species from SEM photographs of their spores af-
ter 100 epochs, wherein all training pictures were presented to
the network in randomly chosen mini batches per epoch. The
lines and shaded areas represent the average accuracy and its
95 % confidence interval across 100 replicates of 80/20 splitting
of the data into training and test sets. Colour indicates the pro-
portion of the initial data that were actually used to train the
model while the remaining data were employed for model vali-
dation (validation data fraction). Figure S3. Accuracy of CNNs
trained to identify the population of origin and, within the latter,
the capsule of origin in ten moss species from SEM photographs
of their spores after 100 epochs, wherein all training pictures
were presented to the network in randomly chosen mini batches
per epoch. The lines represent the average accuracy across 100
replicates of 80/20 splitting of the data into training and test
sets. Table S1. Numbers of SEM photographs employed to train
convolutional neural networks to recognize moss species from
their spores depending on the polarity of the latter. Dataset 1 in-
cluded 125 views in symmetrical spores and 125 distal views
(DV) in asymmetrical spores. Dataset 2 included a further sam-
ple of available pictures in proximal (PV) and side (SV) views in
species with asymmetrical spores.
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