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Exploring the factors shaping microscopic morphological traits: insights from the
chrysophycean genus Synura (Stramenopiles)

Iva Jadrna @ and Pavel Skaloud

Faculty of Science, Department of Botany, Charles University, Bendtskd 2, Prague, 128 00 Praha 2, Czech Republic

ABSTRACT

Synura represents a common freshwater protist genus known for producing morphologically diverse silica scales with
species-specific secondary structures. In this study, we analysed 19 scale-bearing morphological traits across over 700
genetically verified records, spanning a broad environmental gradient in Europe. Focusing on Synura from section
Petersenianae, we identified 29 species-level lineages, 13 of which had not been previously described. Interestingly, while
species diversity increased northwards, morphological trait diversity exhibited the opposite trend, being higher in southern
Europe. This suggests that abiotic factors play a significant role in shaping these traits, which are differently responsive to
gradients than taxonomic diversity. We observed non-random distribution of scale morphological traits, influenced by
abiotic factors such as temperature, precipitation and pH. Scale elongation appears to be an adaptation for living in
oligotrophic waters with reduced sunlight availability, while the increasing distance between struts likely reflects an
adaptation to low silica concentrations. Notably, specific morphological traits may provide more informative insights
into environmental drivers than taxonomic units. The study sheds light on the intricate relationship between environmental
conditions and the morphology of silica scales, emphasizing the importance of considering both taxonomic and morpho-
logical diversity in ecological research.

HIGHLIGHTS

+ Nanostructures of Synura silica scales represent unique morphological traits in protists.

+ The distribution of microscopic traits on silica scales correlates with abiotic factors such as temperature, precipitation and
pH.

» Specific morphological traits may provide more informative insights into environmental drivers than taxonomically based
units.
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Introduction traits (Violle et al., 2007), may tolerate environmental
conditions and can persist in a given environment,
while others are excluded. In other words, the
restricted range of organisms with certain traits is
considered as evidence of filtering processes, primar-
ily driven by abiotic factors (Ackerly & Cornwell,
2007). However, the functional traits exhibit variation
both along environmental gradients and among
organisms inhabiting similar conditions, making the
system much more complex (Lamanna et al., 2014;

The factors that shape the regional species pool have
been the subject of countless studies, revealing that
abiotic, biotic and historical factors matter to varying
degrees depending on the organism under study
(Fernandez et al., 2017; Zhang et al., 2018; Plante
et al., 2021). Moreover, the presence of stochasticity in
these processes plays a part. Although multiple factors
influence species diversity and abundance simulta-

neously, an organism’s traits are what ultimately decide
whether or not it will exist in a particular habitat
(Salzburger, 2009; Pigot et al., 2020; Westerband et al.,
2021). Therefore, revealing the characteristics of organ-
isms that are important in terms of increasing their
fitness or at least allowing them to survive should be
at the centre of our attention.

Every characteristic of an organism is unique and
has varying degrees of importance for their develop-
ment. We assume that only species with certain mor-
phological and physiological characteristics related to
fitness or performance, often described as functional

Hurtado et al., 2020). Nevertheless, a major advan-
tage of the trait-based approach is its independence
from taxonomic units, which makes it both robust
and versatile, and it has thus been used to address
a wide range of evolutionary and ecological questions
not only in plants and animals (Violle et al., 2007),
but also in microorganisms (Green et al., 2008).
Identifying the functional traits that define the
ecological niches of organisms can be tricky. Many
traits are correlated and closely linked, leading to
limitations in their combinations and the need to
find trade-offs between these traits, making the
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assessment of a given trait challenging (Follows et al.,
2007; Merico et al., 2009). In contrast to plants and
animals, microorganisms face an additional challenge
due to their tiny size, which restricts the number of
morphological traits available for study. Key traits
generally recognised as important to determine the
presence of a microorganism in a given niche are
those closely related to its ability to grow and repro-
duce, such as cell size, genome size, gene content and
mutation rate (Green et al., 2008).

One of the important groups of microorganisms is
phytoplankton, which consist of tiny, single-celled,
filamentous or colonial organisms that play many
crucial roles in aquatic ecosystems, including oxygen
production, serving as a base of the food web, and the
regulation of nutrient cycles. Phytoplankton func-
tional traits explaining responses to environmental
gradients were proposed to include aspects related
to life history (the ability to reproduce and form
resting stages), behavioural characteristics (motility),
physiological processes (metabolism, nitrogen fixa-
tion, toxin production) and morphological variations
(cell size and shape, coloniality) (Litchman &
Klausmeier, 2008). Other important functional traits
include those that enable algae to cope with stress,
resist viral infection or grazing (Panci¢ & Kierboe,
2018).

However, studies on the functional traits of micro-
organisms almost completely neglect submicroscopic
structures such as siliceous or calcareous scales and
skeletons, yet they are known for their extraordinary
variety and complexity. It was hypothesised that these
inorganic cases may increase the resistance against
water pressure (Knotek & Skaloud, 2023), offer pro-
tection against predators and parasites (Panci¢ et al.,
2019), and scatter the light to stimulate photosynth-
esis or reflect UV light away from the cell (Goessling
et al., 2021). However, the adaptive function of the
size, shape and patterns of the scales and skeletons is
largely unknown. Here, we hypothesised that scale
morphology may serve as an easily identifiable
proxy associated with the fitness or performance of
their carrier species. Furthermore, identifying adap-
tive traits can assist us in estimating a species’ funda-
mental niche and predicting how community
structure will alter in response to stress such as cli-
mate change.

The aim of this study is to investigate the putative
adaptive role of siliceous scale morphological features
as functional traits shaping the distribution and
environmental preferences of phytoplankton species,
using the freshwater algal genus Synura
(Chrysophyceae, Stramenopiles) as a model. Synura
forms motile colonies, with individual cells connected
by tails in the colony centre and covered with a layer
of overlapping siliceous scales. The scales are typically
up to 10 in um length, consisting of a perforated basal

plate with pores, an upturned rim that encircles half
to two-thirds of the scale, and various species-specific
secondary structures (Skaloud et al., 2013). The tax-
onomy of the genus Synura is currently well resolved,
supported by morphological, molecular and ecologi-
cal characters, with approximately 62 accepted spe-
cies divided into the sections Synura, Curtispinae and
Petersenianae (Jo et al., 2016). Here, we specifically
focus on the section Petersenianae, employing a long-
term database of species distributions across Europe,
comprising over 700 genetically verified records. The
scales of these species are variable in size and shape,
ranging from circular to long lanceolate, with
a characteristic raised elongated ridge (keel) posi-
tioned in the middle of the scale, and fixed to the
basal plate by radially arranged struts (Fig. 1).
Moreover, each species has several morphological
scale types, categorized by their position on the cell
of the algae, and so they can be sorted as apical, body
(usually used for species description) or caudal scales.

Materials and methods

Collection, isolation and cultivation of Synura
strains

The database of the Petersenianae species occurrences
was created on the basis of extensive European
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Fig. 1. Morphological traits of silica scales measured in
Synura species.



sampling that took place between 2007 and 2024
(Supplementary table S1). Plankton samples were
collected from various habitats in a total of 25
European countries (Austria, Belgium, Bulgaria,
Croatia, Czech Republic, Denmark, Estonia, Finland,
France, Germany, Great Britain, Greece, Hungary,
Ireland, Lithuania, the Netherlands, Norway,
Poland, Portugal, Romania, Slovakia, Slovenia,
Spain, Sweden, Ukraine) using a plankton net with
10 pm mesh. At each sampling site, abiotic factors
such as pH, conductivity and water temperature were
measured using a combined pH/conductivity instru-
ment (WTW 340i; WTW GmbH). Samples were
examined with an Olympus CH light microscope,
and the individual Synura colonies were isolated by
micropipetting to establish monocolonial cultures.
Each colony was placed into a separate well of a 96-
well polypropylene plate filled with approximately
300 pm of liquid WC medium (Boenigk et al,
2006), and the plates were cultivated at 14°C under
constant illumination of 40 umol photons m™. s'
(TLD 18 W/33 fluorescent lamps; Philips). After
3-4 weeks the wells were checked using an inverted
microscope Leica DMil and 100 pl of the culture
were harvested. Over the period specified above,
a total of 3846 Synura cultures were successfully iso-
lated from 754 sampled sites. Of these, a total of 2554
cultures were genetically identified (see below) to
belong to the section Petersenianae. As multiple iso-
lates of the same species were often obtained from
a single locality, the total number of unique European
species occurrences was 769. Our collection was
further supplemented by four strains ordered from
algal culture collections SAG (strain 120.79), NIES
(strain 1007) and ACOI (strains 1259 and 1707),
and six strains isolated outside Europe (CNUOL, 17,
I15, Nojeok020610A, Sotan012410A, T83) for which
either additional loci or morphological data were
already obtained.

Sequencing, phylogenetic analyses and species
delimitation

For DNA isolation, the harvested cultures were cen-
trifuged for 5 min at 5000 rpm, and 30 ul of
InstaGene matrix (Bio-Rad Laboratories) was added
to the pellet and processed following the guidelines
provided by the manufacturer. All strains were
genetically characterised by sequencing ITS rDNA,
which has been shown to represent an ideal DNA
barcode to distinguish among Synura species
(Skaloud et al, 2020). After the identification of
strains belonging to Petersenianae, we additionally
sequenced coxI and rbcL genes for the selection of
strains having a unique ITS rDNA barcode to obtain
robust, well-resolved phylogeny. PCR amplifications
were performed in 10 ul reaction volumes (6.7 pl
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sterile water, 2 ul MyTaq™ Buffer (Bioline), 0.1 ul
of each forward and reverse primers, 0.1 ul MyTaq™
DNA polymerase (5 U pl™, Bioline) and 1 ul DNA
template) using Eppendorff Mastercycler EP Gradient
S PCR Thermal Cycler. Used primers are listed in
Supplementary table S2. The amplified PCR products
were quantified using a 0.8% agarose gel stained with
GelGreen (Biotium) and purified using ExoSAP-IT™
PCR Product Cleanup Reagen (Applied Biosystems)
and sequenced with an ABI3730XL DNA Analyser at
Macrogen Europe in Amsterdam, the Netherlands.

The sequences were aligned using MAFFT v6,
applying the Q-INS-i strategy (Katoh et al., 2002).
First, we inferred the maximume-likelihood phylogeny
of all sequenced strains in IQ-TREE v. 1.6.1 (Nguyen
et al., 2015) using GTR+I + G substitution model. We
then selected all unique ITS rDNA genotypes and
prepared a concatenated alignment supplemented
with coxI and rbcL manually aligned gene sequences.
Second, we inferred the ultrametric tree using the
BEAST v.1.10.4 (Suchard et al, 2018) under the
assumption of an uncorrelated lognormal relaxed
molecular clock and speciation birth-death process
tree prior. The analyses were performed on parti-
tioned datasets using the different substitution mod-
els selected using the Bayesian information criterion
(BIC) implemented in jModelTest 2.1.10 (Darriba
et al., 2012). The following models with the lowest
BIC scores were selected: (1) GTR + G for ITS1 and
ITS2 rDNA, (2) JC for 5.8S rDNA and the second
rbcL and coxI codon partitions, (3) GTR + I for the
first and third rbcL codon partitions and (4) GTR +
I + G for the first and third coxI codon partitions.
Three MCMC analyses were run for 50 million gen-
erations, sampling every 5000 generations. The out-
puts were diagnosed for convergence using TRACER
v.1.7.1 (Rambaut et al., 2018). Consensus trees were
generated using TreeAnnotator v.1.10.4. The phylo-
genetic trees were inferred for both all taxa included
and without the genetically distant S. asmundiae,
S. bjoerkii and S. macracantha.

Four different approaches were used for delimiting
OTUs based on sequence data: GMYC analysis,
a Bayesian implementation of PTP approach (bPTP)
(Zhang et al., 2013), Automatic Barcode Gap
Discovery method (ABGD) (Puillandre et al., 2012)
and a Bayesian species delimitation STACEY (Jones,
2016). GMYC analysis was performed on the BEAST-
generated ultrametric tree under the single-threshold
model, using the SPLITS package (Ezard et al., 2009)
in R v.4.4.0 (R Core Team, 2020). The bPTP analysis
was conducted on the bPTP web server (http://spe
cies.h-its.org/ptp/), using the same ultrametric tree
with 500 000 MCMC generations and burn-in set to
0.2. The ABGD analysis was performed on the ABGD
website (https://bioinfo.mnhn.fr/abi/public/abgd/
abgdweb.html), using P.;, = 0.001, P... = 0.1),
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Steps = 10 and Nb bins = 20. We chose Jukes—Cantor
1969 (JC69) model of DNA evolution and performed
three analyses with different values of relative gap
width (X set to 0.1, 0.5 and 1.0). All three analyses
outputted the identical species scenario. Finally, the
STACEY analysis was performed in the BEAST2
v.2.5.0 (Bouckaert et al., 2019) template Stacey,
using the same partitioned dataset, clock and tree
models described above for the BEAST analysis, with-
out a priori defined minimal clusters. The priors were
modified by setting the bdcGrowthRate to lognormal
(5,2), clockRate of all partitions to lognormal (0,1),
popPriorScale to lognormal (-7,2), and relative Death
Rate Species to Beta (1,1000). Three MCMC analyses
were run for 100 million generations, sampling every
5000 generations. The outputs were diagnosed for
convergence using TRACER v.1.7.1 (Rambaut et al.,
2018) and the species trees were combined using
TreeAnnotator v.2.5.0, with a 20% burn-in. The
Species Delimitation Analyser (Jones et al., 2015)
was used to process output files and to examine the
clusters of species assignments under three different
values of collapse height parameters (0.001, 0.05,
0.01). All three runs outputted the identical species
scenario.

Morphological analyses

With the exception of two lineages comprising just
three occurrences, all species and species-level
lineages delimited by the approach described above
were morphologically characterised by detailed mea-
surements of their silica scales. Each lineage was
characterised by measuring 1-2 strains in which
a minimum of 10 but usually 20 scales were mea-
sured. Morphological traits of several Petersenianae
species were derived from Jadrna et al. (2021), and
then it was supplemented by additional measure-
ments of cultivated strains grown in liquid WC med-
ium in 50 ml Erlenmeyer flasks. The living cultures
were dropped onto Formvar-coated copper grids, and
after drying, they were washed in three drops of
distilled water. After further drying, they were exam-
ined with a JEOL 1011 transmission electron micro-
scope equipped by CCD camera Veleta (Olympus
Soft Imaging Solution GmbH). The body scales,
which are standardly used for species delimitation,
were measured using Image] 1.46 r (Rasband, 1997).
The following morphological traits were measured:
scale length, width, perimeter, area and roundness;
upturned rim width, length and area; keel length,
width and area; base hole area; length of
a protruding tip (part of the keel measured from its
attachment to the base plate pore to its tip); number
and distance between struts; keel pore area; base plate
pore area. As a result, we measured a total of 19
morphological traits in 24 taxa (Supplementary table

S3). The five very rare taxa that we molecularly char-
acterised unfortunately died before we were able to
obtain at least 20 scales for morphological analyses.
These lineages were therefore excluded from further
analyses. For subsequent analyses, we reduced the
number of traits by performing a correlation analysis
using Pearson’s correlation coefficients, selecting six
non-correlated morphological traits that may be
influenced by ecological variables by hierarchical
clustering using the ‘CorrPlot’ package in R (Wei &
Simko, 2021; Supplementary fig. S1). These include
scale length, scale width, scale roundness, base hole
area, keel pore area and strut distance.

Statistical analyses

Environmental data were obtained for each analysed
site with the exception of 20 localities where pH and
conductivity values were not acquired. The climatic
data were obtained from the CHELSA v2.1
Climatologies database (Karger & Zimmermann,
2021) with long-term mean values for the period
1981-2010. Habitat factors were represented by mea-
sured values of pH and conductivity (ionic content),
and by seven physical and chemical soil properties
obtained from the SoilGrids 2.0 database (Poggio
et al, 2021). At every sampling site, climatic and
habitat data were obtained by applying a 2-km buffer
to limit the effects of spatial bias. To reduce the
number of predictors, we carried out a correlation
analysis using Pearson’s correlation coefficients and
identified significantly correlated variables by hier-
archical clustering using the ‘CorrPlot’ package in
R (Wei & Simko, 2021; Supplementary fig. S2). As
a result, a total of 15 variables were selected: annual
mean temperature (biol), mean diurnal range (bio2;
mean diurnal range of temperatures averaged over
1 year), temperature seasonality (bio4; standard
deviation of the monthly mean temperatures), annual
precipitation  (biol2), precipitation seasonality
(biol5), net primary productivity (npp), climate
moisture index (cmi; average monthly climate moist-
ure index over 1 year), mean monthly near-surface
wind speed (sfc), amount of liquid water if snow is
melted (swe), soil sand content (sand), soil silt con-
tent (silt), soil clay content (clay), soil organic carbon
content (occ), pH and conductivity.

With the set of 15 selected variables, we then per-
formed the model selection using the ‘Mumin’ package
in R (Barton, 2020). First, we fitted a full model with
the whole set of predictors for each phenotypic trait.
Then, we performed an all-subsets model selection
based on AIC. (Second-order Akaike Information
Criterion), comparing models with all combinations
of predictors using the dredge() function. Since there
was little difference in the AIC and weights of the first
best models, we summarised the outputs of these



models using the strategy published by Maskova et al.
(2022). First, we subsampled all models that differed
from the best model by less than two Akaike units.
Then, the relative importance of each environmental
predictor was estimated by the sum of the AIC. weights
of the models in which the given predictor appeared,
divided by the sum of the AIC, weights of all models.
Finally, the standardised regression coefficients and
their confidence intervals were for each predictor
determined by computing their Akaike-weighted
means (exp(—0.5) * deltaAIC, values) from all models
that included that term. The regression coefficient plots
were generated using the ‘ggplot2’ package in
R (Wickham et al., 2019). For phenotypic traits where
the top model outputted high R* values, we also gen-
erated the linear regression plots with selected predic-
tors using the Im() function in R.

The climatic niche hypervolumes were constructed
in R, using the hypervolume (Blonder et al., 2014) and
alphahull (Pateiro-Lopez & Rodriguez-Casal, 2016)
packages. First, we performed the PCA analysis of the
set of 15 environmental variables (see above) measured
at all sampling sites. The first two PCA axes (explaining
55% of the total variance) were then selected to calcu-
late species’ hypervolumes. The boundaries of the ker-
nel density estimates were delineated by the probability
threshold, using the 0.85 quantile value. To project the
niche spaces of particular lineages, hypervolume con-
tours were plotted based on 1000 random background
points, using the alphahull contour type and alpha
smoothing value 0.55.

The distribution maps were produced in R. The
map of Europe was downloaded from GISCO
API - Eurostat, using the packages ‘giscoR’
(Hernangémez & Arel-Bundock, 1995) and ‘tidy-
geocoder’ (Cambon et al., 2021). Then, the hexa-
gonal grid was created based on the map shapefile
using the packages ‘sf’ (Pebesma & Bivand, 2023),
with the cell size of 400 km. After checking the
correspondence between hexagonal grid coordi-
nates and species occurrence, we estimated species
occurrences and diversity, overall morphological
diversity, and the mean value of morphological
traits in each hexagon, and plotted the coloured
hexagonal grids using the package ‘ggplot2’
(Wickham et al., 2019). Species diversity was cal-
culated by both simply summing the number of
species and by estimating the Shannon-Wiener
diversity indices in each grid. Overall morpholo-
gical diversity was calculated by averaging the
variances of all 19 morphological traits measured,
which were first standardised by z-score normal-
isation. Distribution maps of individual morpho-
logical traits were made by averaging the trait
values of all species found in a given grid.
Finally, we measured the cell dimensions in 11
selected species in which we maintain live cultures
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and calculated the relationship between scale
length-to-width ratios and cell length-to-width
ratios, which was analysed by fitting a linear
model in R.

Results
Species and trait diversity

We analysed a total of 769 Synura occurrences across
Europe, spanning a wide variety of environmental and
habitat conditions (pH varying from 4 to 10, conductivity
from 11-3000 pS cm™', mean annual air temperature
from -0.6-17.4°C, annual precipitation from 463--
3425 kg m >, net primary productivity from 602-1773 g
Cmyr ). ITS rDNA barcoding identified a total of 86
genotypes, which were grouped into 29 species or spe-
cies-level lineages based on the species delimitation ana-
lyses (Fig. 2). Four different species delimitation analyses
generally resulted in the same clustering of genotypes,
although in some cases the analyses disagreed. The great-
est disagreement was in the delimitation of S. borealis. We
ultimately defined species lineages conservatively as the
smallest number of clearly separable clusters. In several
species (S. americana, S. conopea, S. glabra and
S. petersenii), we detected the presence of intragenomic
variations in the ITS rDNA repeats, as reflected by the
presence of double peaks at given nucleotide positions.
After filtering out this variability, all isolates of the given
species were completely identical in their ITS rDNA
sequence. Interestingly, some of these genotypes were
so genetically distinct that some species delimitation ana-
lyses wrongly identified them as separate species lineages.

There are 13 species-level lineages that have not
been formally described. These lineages mainly form
a cluster affiliated with S. borealis, as well as two
clusters sister to S. soroconopea and S. macropora,
respectively (Fig. 2). All of these lineages are rare in
their distribution, being found in only 5% of cases.
The most abundant species were S. petersenii and
S. glabra, found in more than one half (57%) of
cases. Typically, in a given locality, up to three species
co-occur, but in some cases, there have been as many
as six species observed. Of the eight most abundant
species, five (S. petersenii, S. glabra, S. heteropora,
S. americana and S. macropora) share the climatic
niches, with no obvious distributional differences
(Fig. 3a). S. hibernica is restricted in its distribution
to western Ireland, occupying a narrow climatic niche
defined by high annual precipitation and climate
moisture index (Fig. 3b-d). S. conopea has a broad
climatic niche but shifted to prefer sites with low
conductivity and pH (Fig. 3b, 3c, 3e). Finally,
S. borealis shows a narrow climatic niche, occupying
sites with low annual temperature, high temperature
seasonality and high soil sand content (Fig. 3b, 3c),
being restricted to northern Europe (Fig. 3f).
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Fig. 2. Bayesian phylogenetic tree of all obtained genotypes within the genus Synura, section Petersenianae obtained by the
concatenated BEAST analysis of coxI, rbcL and ITS rDNA loci. Values at the nodes indicate Bayesian posterior probabilities;
only values higher than 0.95 are shown. Dashed branches were truncated to a quarter of their original length. Scale bar
shows the estimated number of substitutions per site. The results of four species delineatation analyses (GMYC, bPTP,
Stacey and ABGD) are shown along the tree, with the finally delimited species indicated by thick branches. The numbers
represent the total number of individuals belonging to the species. In the rightmost column of the grid (identity), coloured
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Fig. 3. Climatic niche hypervolumes for the eight most abundant Synura species, showing four species with similar (a) and
distinct (c) climatic niches compared with S. petersenii. PCA (principal component analysis) of uncorrelated 15 Bioclim
variables (b), from the left clockwise: cmi, climate moisture index; occ, organic carbon content; sand, sand soil content; swe,
snow water equivalent; bio4, temperature seasonality; biol5, precipitation seasonality; silt, silt soil content; bio2, mean
diurnal range; pH; cond, conductivity; clay, clay soil content; biol, annual mean temperature; npp, net primary productiv-
ity; sfc, mean monthly near-surface wind speed; biol2, annual precipitation. Distribution of three species with distinct
climatic niches across Europe: S. hibernica (d), S. conopea (e) and S. borealis (f).

The highest species diversity was recorded in northern
Europe, specifically in Scandinavia and Estonia (Fig. 4a,
4b). Interestingly, the greatest morphological diversity
was observed in other parts of Europe, particularly in
Greece and the Balkans (Fig. 4c). Consequently, despite
the large number of species that occurred in northern
Norway and Sweden, they shared a similar morphology
of silica scales. The variation in scale length and width
does not exhibit a clear biogeographic pattern (Fig. 4d,
4e). However, in the Atlantic region, scales tend to be
elongated, while more rounded scales are prevalent in
continental Europe (Fig. 4f). Additionally, scales with
larger base hole areas are significantly more common in
northern Europe (Fig. 4g). Interestingly, the pore size on
the keel follows a trend similar to roundness scales, with
larger pores being more common in Atlantic Europe
(Fig. 4h). Finally, the variability in the distance of struts
does not appear to show any specific biogeographic pat-
tern (Fig. 4i).

Effects of environmental variables on morphological
traits

A number of environmental variables significantly
affected the morphological variability of silica scales

(Fig. 5a—f). Of the traits related to scale shape and size,
two traits, namely scale length and scale roundness, were
found to be significantly dependent on environmental
parameters, with R* coefficients of 0.12 and 0.16, respec-
tively (Fig. 5b, c). Scale length was negatively correlated
with mean diurnal temperature range (bio2) and posi-
tively correlated with net primary productivity and soil
sand content (Fig. 6a, b). Notably, species with scales
longer than 4.5 um were found only in localities with
high sand content. Scale roundness was negatively corre-
lated with annual precipitation (biol2), but positively
correlated with annual mean temperature (biol), tem-
perature seasonality (bio4), climate moisture index (cmi),
soil clay content and pH (Fig. 5¢). Therefore, species with
more circular scales are more likely to occur in areas with
lower rainfall and in locations with higher pH
(Fig. 6¢, 6d).

Traits related to scale pores and holes were also sig-
nificantly correlated with environmental conditions
(Fig. 5d, 5e). The size of the base hole was negatively
correlated with temperature variables (biol, bio2), cli-
mate moisture index (cmi) and pH, and positively corre-
lated with the amount of melted snow water, known as
the snow water equivalent (swe). It is obvious that species
with a large base hole area occur only in cold regions, with
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(a) number of species  (b) Shannon-Wiener diversity index  (C) morphological diversity
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Fig. 4. Distribution patterns of Synura species and their morphological traits. Coloured hexagons show areas of Europe
where the occurrence of any Synura species has been recorded. Three upper maps summarise general diversity patterns,
including the number of species (a), Shannon-Wiener diversity index considering species abundance (b) and the diversity
of morphological traits of Synura silica scales (c). Additional maps (d-i) display the range of selected morphological traits

across Europe.

an average annual temperature not exceeding 8°C, and do
not occur in areas without snow cover (Fig. 6e, 6f). Keel
pore area size was negatively correlated with temperature
seasonality (bio4) and positively correlated with annual
precipitation (bio12) and the snow water equivalent (swe)
(Fig. 5e). Finally, the distance of struts was negatively
correlated with annual precipitation (biol2) and posi-
tively correlated with annual mean temperature (biol),

climate moisture index (cmi), pH and conductivity
(Fig. 5f).

Discussion

This study distinguishes itself by the unprecedented
scale of its dataset, encompassing over 700 genetically
verified records of a single intrageneric evolutionary
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Fig. 5. Effects of environmental variables on morphological traits of Synura siliceous scales; scale width (a), scale length (b),
scale roundness (c), base hole area (d), keel pore area (e) and distance of struts adjacent to the keel (f). Points represent
estimation of standardised regression coefficients, while the error bars correspond to their 95% confidence intervals. Point
size is proportional to the relative importance of the given predictor (i.e. the weighted occurrence of the predictor in the set
of best models); predictors with importance higher than 0.5 are given in red. The individual predictors are listed as follows:
biol, annual mean temperature; bio2, mean diurnal range; bio4, temperature seasonality; biol2, annual precipitation; biol5,
precipitation seasonality; npp, net primary productivity; cmi, climate moisture index; sfc, mean monthly near-surface wind
speed; swe, snow water equivalent; sand, sand soil content; silt, silt soil content; clay, clay soil content; occ, organic carbon
content; pH; cond, conductivity.
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lineage of eukaryotic microorganisms. By focusing only
on closely related species, we have effectively filtered
out the influence of the phylogenetic signal, providing
an unparalleled depth of understanding regarding the
adaptive significance of siliceous scale morphological
features. Moreover, this study can be used as a case
study for estimating the real diversity of protist genera,
pointing out differences in distribution, abundance and
rarity of individual species. We acknowledge this work
as potentially the most comprehensive pan-European
study of its kind on eukaryotic microorganisms to date.

Species diversity, ecology and distribution

The section Petersenianae has drawn attention due to
its considerable cryptic diversity and wide distribu-
tion. The hidden diversity was first brought to our
attention by Boo et al. (2010) and Kynclova et al.
(2010), revealing several lineages with distinct distri-
bution patterns. Subsequent research by Skaloud et al.
(2012, 2014, 2020) and Jo et al. (2016) described new
species based on subtle differences in morphology,
genetics and ecological traits. Currently comprising
29 species, the section exhibits highly uniform silica
scale morphology. Except for four evolutionarily old
species (S. asmundiae, S. bjoerkii, S. kristiansenii and
S. macracantha), most species emerged through
adaptive radiation less than 10 million years ago
(Siver, 2015; Jadrnd et al., 2021). Here, we identified
over half of the described Petersenianae species (16
out of 29). The remaining species exhibit restricted
distribution (e.g. S. cornuta, S. fluviatilis,
S. kristiansenii) or are probably very
Additionally, we discovered several previously
unknown lineages, intriguingly including thermophi-
lic species such as the clade 4, which was exclusively
found in Greece.

The most frequently encountered species were
S. petersenii and S. glabra as they occupy
a relatively broad ecological niche, thriving in var-
ious types of freshwater bodies. These species also
demonstrate less sensitivity to pollution and eutro-
phication compared with other Synura species.
Interestingly, only three (S. borealis, S. conopea
and S. hibernica) of the eight most abundant spe-
cies can be distinguished by their ecological pre-
ferences (Fig. 3a, c). S. borealis occurs exclusively
in cold regions of northern Europe, with the dis-
tribution probably limited by high temperatures
during summer (Skaloud et al, 2014).
Specifically, it inhabits cold, low-pH waters with
temperatures up to 6.5°C. S. conopea shows
a preference for oligotrophic habitats with low
conductivity and is also common in the Atlantic
part of Europe, where the mean diurnal tempera-
ture range is lower. Finally, S. hibernica is excep-
tional by its very restricted European distribution,

rare.
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occurring exclusively in peat bogs along the wes-
tern coast of Ireland (Fig. 3d). Among all Synura
species, S. hibernica excels in its strict environ-
mental preferences, preferring low-nutrient, clear
water with high carbon content. Proposed as an
endemic species, it seems to be uniquely adapted
to these specific habitats (Skaloud et al, 2014).
Interestingly, the climatic niche of S. hibernica
was determined by high annual precipitation
(Fig. 3b, 3¢), and indeed, differences in precipita-
tion intensity have recently been identified as one
of the main factors shaping population dynamics
and speciation in Synura (Skaloud et al., 2024). In
brief, precipitation plays a significant role in influ-
encing many other features. It directly impacts
abiotic variables, such as pH, conductivity and
the amount of dissolved nutrients, and thus indir-
ectly affects the entire phytoplankton community.
Additionally, since precipitation undoubtedly
affects the amount of nutrients and other sand/
clay particles from the environment, it has a great
impact on the trophic status, water transparency
and light availability. It also has a direct effect on
stratification; for example, heavy rain can mix the
water column well and rapidly change the propor-
tions of the phytoplankton community. In the case
of S. hibernica, precipitation may also affect its
endemic distribution on the west coast of
Ireland, as this region receives specific rainfall
with high chloride and sulphate deposition
(Beltman et al., 1993).

Despite the chrysophycean species having a wide
ecological amplitude and each taxa having a different
tolerance of environmental conditions (Roijackers &
Kessels, 1986; Siver & Hamer, 1989; Cumming et al.,
1992; Siver & Lott, 2017), it is not obvious that any
distribution patterns can be recognised. Even an
extensive global study did not find any obvious bio-
geographic patterns or ecological features of geneti-
cally defined clades of the genus Synura (Boo et al.,
2010). However, our data indicate that Synura species
diversity is increasing northwards, with Scandinavia
as the most species-rich region (Fig. 4a, 4b), where
the cold temperatures and oligotrophic lakes create
highly favourable conditions for a diverse range of
Synura species (Skaloud et al., 2014). The trend of
increasing diversity towards the north in the
European context is not very common; for a large
number of organisms, the number of species
increases southwards with latitudinal gradient
(Willig et al., 2003). A large number of water bodies
in the area can promote faster diversification of fresh-
water protists due to the existence of diverse ecologi-
cal niches leading to resource partitioning and
a reduction in competition among newly established
species. These niches may include differences in tem-
perature, light availability, nutrient levels and
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predation pressure. Indeed, Vyverman et al. (2007)
similarly demonstrated that in northern Europe, local
diatom richness positively correlates with lake den-
sity. A surprisingly reverse trend is visible for mor-
phological diversity which decreases northwards
(Fig. 4c), suggesting that scale morphology in north-
ern Europe is filtered by environmental conditions,
forcing organisms to maintain certain morphological
parameters (Cornwell et al., 2006). A similar proposi-
tion has already been stated for the macroorganisms,
where functional trait diversity usually has a different
distribution from the species diversity (Lamanna
et al., 2014).

We demonstrated that the occurrence of some
morphological traits of silica scales is non-random.
For example, there is a clear trend of increasing the
base plate hole size towards northern Europe, where
rare species with larger base plate holes are more
common (Fig. 4g). The trend of bigger struts distance
(Fig. 4l) is similar but more subtle due to the large
influence of local variables. In addition, Synura spe-
cies with elongated, less rounded scales are more
likely to be found in the northwest of Europe
(Fig. 4f), where oceanicity is higher. A typical exam-
ple of such a species with elongated scales and a large
base plate hole is S. hibernica, which is restricted in
its distribution to the western coast of Ireland.
Conversely, roundness increases towards southwest
Europe, corresponding to increasing continentality.
This trend likely reflects the warm climate and pre-
dominantly alkaline substrate in southwestern
Europe, favouring Synura species with rounded
scales, a small number of struts, and narrow keels.

Our results are consistent with previous studies on
chrysophyte ecology, highlighting the pivotal role of
ecological and climatic factors in shaping their dis-
tribution (Fig. 3b). Across various studies, pH, tem-
perature, water clarity, colour, conductivity and
trophic content (including dissolved nitrogen, phos-
phorus and carbon) have consistently influenced the
occurrence of chrysophyte species (e.g. Roijackers &
Kessels, 1986; Dixit & Dixit, 1989; Siver & Hamer,
1989; Cumming et al., 1992; Arseneau et al., 2016;
Siver & Lott, 2017; Tammelin et al., 2017; Bock et al.,
2020). According to our results, Synura species
occupy seemingly identical ecological niches
(Fig. 3a). However, closer examination of the mor-
phological features of their siliceous scales could pro-
vide deeper insights into the ecology and distribution
of these species while also offering valuable informa-
tion on trends affecting multiple species concurrently.

Silica scale features as morphological traits in the
light of environmental processes

The most important traits for organisms are those
impacting their fitness, directly tied to resource

acquisition, reproduction and potential protection
(Violle et al., 2007). Several studies suggest that spe-
cific features of silica cover have a significant impact
on the overall fitness of algae. For instance, silica
frustules of diatoms, when evenly silicified and reg-
ularly perforated, may increase light diffraction into
the cell interior and directly affect photosynthetic
efficiency (Goessling et al, 2021). Conversely,
a thick silica covering may contribute to reducing
dangerous UV-B and UV-A radiation, which could
be harmful to the cell (Aguirre et al., 2018). A high
degree of frustule silicification, as well as the ability to
develop silica projections or spines, may potentially
reduce grazing (Assmy et al, 2013). On the other
hand, robust silicification of cell covering contributes
to a higher cell mass, resulting in faster sedimentation
towards the bottom (Tréguer et al., 2018). In addi-
tion, spines or projections may decrease diatom
buoyancy, and the length of these projections corre-
lates with variations in water osmotic pressure, clo-
sely tied to salinity levels (Paasche et al., 1975).

For certain morphological traits, their mechanical
function remains unclear, but we may observe their
association with specific environmental factors. For
example, we can examine the ratio of diatom cell
symmetry independently of the colony, considering
unpredictable conditions of the freshwater stream or
prevailing water temperature (Allen, 2014), or dis-
cover a strong statistical relationship between diatom
valve length and metal contamination (Cattaneo
et al., 2004).

The morphological traits of Synura silica scales are
influenced by the underlying architectural principles
and structural constraints of the scales, resulting in
variability within specific limits (Jadrna et al., 2021;
Knotek & Skaloud, 2023). When studying the genus
Synura, we propose focusing on easily measurable
traits that align with the traditional criteria used for
species delimitation, i.e. overall body scale shape
(rounded vs. lanceolate), scale size, keel width and
shape, number and spacing of struts, size of base plate
and keel pores, and the size of the base plate hole. All
of these putative morphological traits are ultrastruc-
tural, and we conclude that they may be influenced
by environmental conditions.

Scale size

One of the key traits of protists is their size. In silica
scaled chrysophytes, it has been documented that the
size of scales is significantly correlated with the size of
the cell (Siver, 2022). Based on our measurements, we
have also shown that the same correlation holds for
length-width ratios (Supplementary fig. S3). The scale
size, which is correlated with the cell size, was identi-
fied as a significant factor influenced by ecological
variables. Environmental parameters explained 12%
of the variation in scale length. Smaller scales were



found in regions with a high mean diurnal air tem-
perature range (bio2, Fig. 6a) and low temperature
seasonality (biol5, Fig. 5a, 5b). Generally, smaller
cells with reduced scales tend to occur at higher
temperatures, aligning with the temperature-size
rule for protists (Atkinson et al., 2003). One of the
reasons for this phenomenon is that cells at higher
temperatures have a faster metabolism and divide
more rapidly (Savage et al., 2004).

Atlantic Europe exhibits reduced temperature sea-
sonality, but the geographical trend for Synura scale
sizes is not obvious, probably due to the influence of
other predictors (Fig. 4d, 4e). Short-term temperature
fluctuations can induce stress, favouring small Synura
species that can divide rapidly. However, we did not
specifically examine the impact of water surface size,
which can buffer surrounding temperatures and thus
may have a large effect on scale size distribution. In
addition, we revealed the effect of nutrient level on
the size distribution of Synura scales. Longer scales
were observed in sites with high dissolved silica (sand
used as a proxy) (Fig. 6b), while wider scales were
more common in areas with high conductivity
(Fig. 5a). Surprisingly, large scales were found in
sites with high net primary productivity (NPP,
Fig. 5a, 5b). This may suggest that nutrient-rich
environments may support the presence of species
with larger cells, while small organisms dominate in
waters with low nutrient concentrations (Irwin et al.,
2006). Specifically, downsizing of chrysophycean gen-
omes and cell sizes can occur in environments with
limited nitrogen and phosphate (Olefeld et al., 2018).

Scale shape
We discovered that the roundness of Synura scales is
significantly affected by ecological variables, with
these factors explaining 16% of the variability.
Previous studies have already described the relation-
ship between nutrient acquisition, light utilisation,
and buoyancy in the water column, directly linked
to cell size and shape (Litchman & Klausmeier, 2008;
Acevedo-Trejos et al., 2013). When cells are elon-
gated, they exhibit a reduced volume-to-surface
ratio, maximising the efficiency of light harvesting
and nutrient uptake (Karp-Boss & Boss, 2016).
Here, we demonstrated that elongated scales covering
surfaces of elongated cells are favoured in regions
with low seasonality (bio4; Fig. 5c), typically found
in Atlantic Europe (Fig. 4f). Other important factors
influencing the scale roundness are annual precipita-
tion, mean air temperature, soil clay content and
water pH (Fig. 5c). Elongated cells more efficiently
capture available light in regions with frequent rain-
fall and cloud cover.

We suspect that most of the significant factors
together reflect poor nutrient availability. In areas
characterised by coarse-grained till, bedrock outcrops
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and peat deposits, low levels of fine particles like clay
or silt indicate natural oligotrophy and low phos-
phorus content (Tammelin et al., 2017). The combi-
nation of clay content and nutrients is removed from
the soil through precipitation, as well as from lakes.
Elongated cells may offer an evolutionary advantage,
as they can more effectively absorb nutrients from the
water. This aligns with the fact that we found Synura
with rounded scales and cells in more eutrophic
waters with higher pH (Fig. 6¢). These areas typically
include flooded regions, dead-end streams or oxbow
lakes where rivers introduce nutrients along with
subtle clay particles. Geographically, the areas with
higher nutrient content are in southern Europe
(Fig. 4f), where precipitation is lower and tempera-
ture higher, along with seasonality, and so the water
bodies are sufficiently nutrient-rich and illuminated.
The round cell shape naturally provides better self-
shading than elongated cells as the simplest defence
against solar radiation (Garcia-Pichel,
1994). A typical example of a species with rounded
scales and cells well adapted to higher nutrient levels
is S. glabra. It can withstand relatively high pH (~8)
and conductivity levels (750 pS cm™). Interestingly, it
has been proposed that chrysophytes are not able to
thrive in high pH environments as they are not cap-
able of using bicarbonate, which serves as a primary
source of carbon in alkaline conditions (Sandgren
et al., 1988). Consequently, there is accelerated dis-
solution of silica at elevated temperature and alkaline
pH values, such as in eutrophic habitats (Cappelle &
Behrends, 2008; Kuefner et al., 2020; Spitzmiiller
et al., 2023). However, S. glabra clearly manages to
somewhat overcome these limitations, possessing the
least silicified scales among all other Synura species.
In general, cell and scale elongation seems to
represent a clear adaptation mechanism for living in
oligotrophic waters and areas with reduced sunlight
availability. Accordingly, Synura species with elon-
gated scales might be at risk due to water eutrophica-
tion triggered by agriculture and animal farming.

excessive

Base plate hole and keel pores

The area of the base plate hole is a valuable morpho-
logical trait, with 13% of its variability explained by
environmental factors (Fig. 5d), including low mean
annual temperature (Fig. 6e), diurnal temperature
range and climate moisture index. Interestingly, the
size of keel pores shows a moderate positive correla-
tion with temperature, in contrast to the base plate
hole (Fig. 5d, 5e). Both traits are linked to the avail-
ability of clean water from melting snow,
a geographically related variable (Fig. 4g, 4h, 6f), as
well as low pH, resulting in similar distributions
(Fig. 4g, h). It is possible that Synura in northern
and cloudy regions do not require shielding from
harmful UV light, allowing them to afford larger
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holes and pores in their covering. Previous studies
have documented that the size of pores on silica
coverings can influence the flow of light photons
and promote nutrient uptake (Herringer et al., 2019;
Goessling et al., 2021; De Tommasi & Rogato, 2023).
However, it is important to note that the base plate
hole is positively correlated with the keel width
(Jadrna et al., 2021) as it is directly associated with
keel formation (Wee & Andersen, 1997).
Consequently, it is possible that the low pH and the
arcto-alpine climate favour the development of large
keels in Synura scales.

Mean distance between the struts
According to recent research, struts on the Synura
scales are essential for scale stability, fixing the
median keel to the basal plate (Knotek & Skaloud,
2023). The number of struts is therefore strongly
correlated with the size of the scale and the keel
they support (Jadrna et al, 2021). Interestingly,
while we also observed the significant relationship
between these variables, the mean struts distance
represents an independent variable (Supplementary
fig. S2), showing a significant relation to some local
abiotic factors. Larger distances between struts
were observed in water bodies with high conduc-
tivity, pH and mean annual air temperature, as well
as low annual precipitation amounts (Fig. 5f).
These conditions are associated with fast growth
and worse silicification of scales (Taylor, 1985;
Panci¢ et al., 2019). It is therefore likely that the
increasing distance between the struts is an adapta-
tion to low concentrations of silica, which need to
be treated sparingly. This leads to less stability of
keel fixation, which the organisms seem to cope
with by overall reduced silicification of the scales.
The distance between struts, as well as the overall
degree of silification, may also affect light transmis-
sion through the scales or cause light reflection,
making it an interesting topic for further research.
Overall, this study establishes a connection
between the nanostructures of Synura silica scales
and species distribution patterns, shedding light on
the putative drivers behind them. It serves as
a valuable case study for evaluating the true diversity
of protist genera and highlights differences in species
distribution and abundance. Importantly, we empha-
sise that even the nanostructures of silica scales can
serve as a tool for assessing the fitness of the organ-
ism and, consequently, provide insights into the
entire freshwater ecosystem. Moreover, trait-based
studies like this one have the potential to set up
predictions about species distribution patterns, pro-
ject potential adaptations in response to habitat
changes, and provide a glimpse into ongoing mor-
phological evolution.
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