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bilateral asymmetry between semicell halves did not 
change in relation to varying temperatures. In general, 
the results showed that morphological variation in 
natural populations of M. thomasiana reflected sea-
sonal cycles and corresponded to plasticity associated 
with temperature changes in clonal cultures. It might 
therefore be possible to use these phenotypic markers 
as indicators of thermal stress in natural populations 
inhabiting shallow pools in peatlands.

Keywords Desmidiales · Geometric 
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Introduction

Desmid microalgae (Desmidiales, Zygnematophy-
ceae) are an important component of the peatland 
phytobenthos. The vast majority of peatlands are 
found in the boreal biome of the Northern Hemi-
sphere, but smaller areas of these habitats also exist 
in temperate zones, especially in mountain ecosys-
tems and regions with relatively high annual precipi-
tation (Tanneberger et al. 2017). In these acidic wet-
lands, a substantial part of the aquatic habitat consists 
of shallow pools where water temperature is closely 
correlated with air temperature (Jacobs et  al. 1997). 
Consequently, the organisms living in the phytoben-
thos of these sites face considerable temperature dif-
ferences throughout the season, ranging from freezing 

Abstract Desmids are usually abundant in shallow 
peatland pools. In these localities, water temperature 
is closely linked to seasonal fluctuations in air tem-
perature, so with increasing temperature extremes in 
temperate ecosystems, these microalgae are exposed 
to conditions of high-temperature stress. We inves-
tigated whether the shape, size, and growth rates of 
Micrasterias thomasiana, a frequently occurring spe-
cies, are associated with varying temperatures in cul-
tures and natural populations. The research was based 
on parallel analysis of clonal populations in temper-
ature levels from 13 to 33  °C as well as cells from 
natural populations collected during the season. The 
effects of high temperature on morphological plas-
ticity and fluctuating asymmetry in the shape of cel-
lular parts were investigated by the landmark-based 
geometric morphometrics. The results showed that 
variation among individuals and fluctuating asym-
metry between the lateral lobes of Micrasterias cells 
increased at 29  °C and in natural samples taken in 
July and October. In parallel, the size of semicells 
growing at temperatures above 25 °C decreased com-
pared to those grown at lower temperatures. How-
ever, the temperature effects on shape and size were 
not directly related to the growth rates. The overall 
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conditions in the winter months to summer extremes 
exceeding 30 °C. Thus, it is possible that part of the 
seasonal cycle of ectothermic organisms, such as des-
midiacean green algae, in peatland pools includes 
periods with stress conditions at the margins of their 
temperature niche. Currently, temperate mountain 
peatlands in central Europe are seeing an increase 
in the frequency of extreme high-temperature events 
in the summer season, which are related to ongoing 
climate change (Neustupa et al. 2023). It is therefore 
possible that the amounts of temperature stress in nat-
ural desmid populations could reflect these processes.

Previous studies have shown that high-temperature 
stress can be markedly reflected in the morphogenesis 
of desmid cells, such as in the phylogenetic lineage of 
the genus Micrasterias, which are typical for the most 
complex cellular forms in the plant kingdom (Brook 
1981; Škaloud et al. 2011; Lütz-Meindl 2016). Their 
cells are characteristically composed of two sym-
metrical halves (semicells), which themselves are also 
bilaterally symmetrical. A younger semicell devel-
ops after mitotic division in the process of cytomor-
phogenesis (Lütz-Meindl 2016). Consequently, each 
cell is composed of two modular halves, symmetric 
to each other but different in age (Brook 1981; Neu-
stupa 2017). It has been shown that the bilateral sym-
metry of cellular parts within semicells and their spe-
cies-specific patterns are severely disrupted in cells 
grown at temperatures above 33 °C in alpine strains 
of Micrasterias denticulata (Meindl 1990). Like-
wise, the cellular morphogenesis of this species was 
considerably distorted when the cells were exposed 
to short-term 40 °C heat shocks (Weiss et al. 1999). 
In addition, Neustupa et  al. (2008) showed that the 
clonal strain of Micrasterias rotata produced cells 
with deviant morphology typical of so-called vegeta-
tive diploids when cultured under high-temperature 
conditions at 30 °C. These conditions were also asso-
ciated with a reduction in vegetative cells and associ-
ated simplification of their morphology. The observed 
changes in cell size were largely consistent with the 
assumptions of the temperature–size rule for protist 
species, which assumes a gradual decrease in cell 
size related to temperature increase within a range 
that is normally encountered by the organism in nat-
ural habitats (Atkinson et  al. 2003). However, these 
observations regarding the effect of temperature on 
the growth of Micrasterias cells were not accompa-
nied by data on the growth rates of the populations 

in relation to ambient temperature. Such data might 
be crucial for assessing whether the observed size 
decrease can be attributed to earlier completion of the 
life cycle in rapidly growing high-temperature popu-
lations or to the adaptive responses of cells increas-
ing their surface-to-volume ratios to cope with the 
lower nutrient and oxygen availability in a warmer 
aquatic environment (Neustupa et al. 2008; Tabi et al. 
2020; Zohary et al. 2021). In addition, it is unknown 
whether similar dynamics of temperature-related size 
decreases might also take place in natural popula-
tions of desmid species inhabiting the phytobenthos 
of shallow pools.

It has also been repeatedly shown that stressful 
high-temperature conditions can lead to an increase 
in different types of fluctuating asymmetry (FA) in 
the morphology of symmetric structures in different 
aquatic ectotherms (Mpho et al. 2002; Nishizaki et al. 
2015). This essentially means that morphogenetic 
processes taking place under conditions close to the 
margin of the thermal niche may lead to decreased 
developmental control, which is associated with an 
increase in random asymmetric fluctuations in the 
morphology of symmetric body parts in different 
individuals (Klingenberg 2015). However, no such 
analyses of shape FA have yet been performed for the 
effects of temperature on unicellular organisms.

Therefore, in this study, we focused on analysing 
temperature effects on different aspects of cell mor-
phology and plasticity in the desmid species Micras-
terias thomasiana, one of the frequently occurring 
members of the phytobenthos in minerotrophic peat-
lands across temperate and boreal biomes (Coesel and 
Meesters 2007). For the biological shape analysis, we 
used geometric morphometric techniques (Bookstein 
2018). In addition to the analysis of shape and size 
variation among individuals within cultured popula-
tions reared at different temperatures and natural sam-
ples from different seasons, we also focused on quan-
tification of shape asymmetry between different parts 
of Micrasterias semicells.

Thus, the following research questions were asked 
in this study: (1) Are there any effects of temperature 
on the shape, size, and growth rates of clonal popula-
tions of Micrasterias thomasiana? (2) Can the poten-
tial stress effects of high temperatures be detected in 
increased plasticity or FA levels among different cel-
lular parts? (3) Are there any corresponding trends in 
the shape, size and cellular symmetry in the natural 
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samples of this species from a temperate peatland 
pool within a season?

Material and Methods

Field sampling

Cells of Micrasterias thomasiana were sampled 
from the phytobenthos of a minerotrophic pool 
(50.509861N, 13.196075E) in a peatland headwa-
ter area of a levelled mountainous plateau in the Ore 
Mts. (Czech Republic) at an altitude of 848 m a.s.l. 
Samples of this natural population were taken four 
times in 2022, together with the basic physicochemi-
cal characteristics of the site. The sampling dates 
and their respective abiotic characteristics were 
January 3 (depth = 10 cm, pH = 5.35, water tempera-
ture = 1.5 °C), April 26 (8 cm, 5.30, 6.8 °C), July 25 
(5  cm, 5.78, 26.9  °C), and October 21 (7  cm, 5.35, 
12.5  °C). In addition, the average air temperature at 
2 m for the last 8 weeks before sampling was acquired 
from publicly available data from the nearby meteor-
ological station in Měděnec (CHMI 2023). These val-
ues were as follows: January—0.6 °C, April—2.8 °C, 
July—15.7 °C, and October—9.4 °C.

Cultivation and specific growth rates (SGR)

A clonal strain of the same species was obtained as 
a single-cell isolate from the studied population in 
April 2022. The populations were cultured in 25 ml 
culture wells at six temperatures (13, 17, 21, 25, 
29, and 33  °C) in Heratherm IMC18 (Fisher Scien-
tific, Ltd.) incubators, and they were illuminated at 
1775 lx with LED PDGROW 35 W E27 Plant Lamp 

Bulbs (Sansi Electronic Engineering, Ltd.) under a 
light:dark (L:D) regime of 12:12 h. Four parallel pop-
ulations were cultured at each of the six temperatures. 
The strains were cultured in DY V liquid medium 
(Andersen 2005) buffered by 2-(N-morpholino)
ethanesulfonic acid (MES) at pH 5.5.

Up to 70 cells were inoculated into each of the 
cultivation chambers. After 7  days of acclimation, 
the specific growth rates were calculated from the 
cellular counts on days no. 7 and 10 of the cultiva-
tion period when the cells were in the phase of fast-
est growth. Vegetative reproduction of desmidial cells 
solely proceeds by binary division. Thus, binary loga-
rithms were taken as the base for the formula evalu-
ating the SGR = log2(xn)-log2(xm)/tn-tm, where xm and 
xn are the numbers of individuals on the mth and nth 
days of cultivation. Likewise, tm and tn represent days 
within the cultivation period at the start and the end 
of the SGR calculation. The

Data acquisition

A total of 50 mature semicells from each tempera-
ture and seasonal sample were photographed at 
100 × magnification under a Leica DM2500 light 
microscope (Leica Microsystems, Wetzlar, Germany) 
with a Bresser MikroCam SP 5.0 digital camera 
(Bresser, Rhede, Germany). In total, 73 structurally 
homologous landmarks were positioned at the tips of 
the semicell lobes and lobules, as well as at the bases 
of individual incisions (Fig.  1a). To account for the 
digitisation error, the landmarks on each semicell 
were registered twice. In the first digitisation, they 
were positioned clockwise from the left margin of the 
semicells. The second digitisation proceeded counter-
clockwise from the right semicell margin. Then, they 

Fig. 1  a Positions of 
landmarks on the semicells 
of Micrasterias thomasi-
ana. Scale bar = 20 μm. 
b Semicell halves for the 
analysis of bilateral asym-
metry. c Adjacent lateral 
lobes designated as units for 
the analysis of fluctuating 
asymmetry
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were relabelled to match the order of the first digiti-
sation. The landmarks were registered using TpsDig, 
ver. 2.22 (Rohlf 2015). All these primary data are 
available online from Zenodo (Neustupa and Wood-
ard 2023).

Symmetry analysis

The effects of temperature on cellular shape, size and 
plasticity were addressed by several parallel analyses. 
First, shape differences among the semicells raised 
at different temperatures were studied by a geomet-
ric morphometric analysis of their symmetrised con-
figurations that did not involve any effects of bilateral 
symmetry within the specimens. Second, the shape 
asymmetry was quantified by evaluating differences 
between the two semicell halves of each specimen. 
Third, FA evaluating the random individual fluctua-
tions in the shape of symmetric lateral lobes of semi-
cells was used to assess possible differences among 
the temperatures and seasonal samples. Finally, size 
differentiation was quantified by the centroid size 
(CS) of the semicell configurations acquired from the 
morphometric data.

The frontal views of Micrasterias semicells are 
bilaterally symmetrical. In addition, their anterior and 
posterior sides do not differ (Savriama et  al. 2010; 
Neustupa 2017). Thus, to compare semicell shapes 
among different individuals, the landmark configura-
tions have to be symmetrised; i.e., their halves need 
to be averaged. This procedure was implemented by 
the standard formula introduced by Klingenberg et al. 
(2002), which involved reflection of the coordinates 
across the axis of bilateral symmetry (Fig. 1b), their 
re-labelling to match the order of landmarks in the 
original configuration, and averaging the mirrored 
(reflected and re-labelled) and original configurations 
of each specimen in the generalised Procrustes analy-
sis (GPA).

Symmetric configurations of semicells aligned by 
GPA were then used to compare their shape and vari-
ability among the temperatures and seasonal samples. 
Principal component analysis (PCA) of the semicell 
configurations from six temperatures was carried out 
to illustrate the structure of the data and the shape 
changes associated with the main principal compo-
nents (PCs). Scores of individual semicells along the 
first 16 PCs (spanning 93.8% of the total variation) 
were used in the canonical variate analysis (CVA), 

which aimed to visualise the differences among the 
temperatures. Differences in shape among groups 
were tested using permutational multivariate analy-
sis of variance (MANOVA) based on Euclidean dis-
tances among the specimens (Zelditch et  al. 2012). 
The significance of the post hoc pairwise F-values 
was evaluated by sequential Bonferroni p-values 
based on 9999 random permutations. The permu-
tational MANOVA with a balanced design used in 
this analysis is very robust to heterogeneity of multi-
variate dispersions. In addition, resampling statistics 
(permutations) used for the significance assessment 
of shape differences among the cells raised in vary-
ing temperature levels does not assume normality and 
it is not affected by high dimensionality of the shape 
data (Cardini et al. 2015; Anderson 2017). The mean 
shapes of individual temperatures and seasonal sam-
ples were subjected to an additional PCA that illus-
trated mutual shape relationships among these popu-
lations. Differences in the amount of shape variation 
among groups were analysed using Procrustes dis-
tances of individual specimens to the mean configura-
tions of their respective groups.

In order to assess whether the sample sizes of 
individual groups were sufficient for the analyses 
comparing their mean shapes, the sensitivity analy-
sis on sample means, which has been recommended 
for geometric morphometric datasets, was carried out 
(Cardini et al 2015). Random subsamples consisting 
of 45, 40, 35, and 30 specimens for each group were 
created and their mean shapes were compared with 
the mean shapes original datasets by the joint non-
metric multidimensional scaling (NMDS) with the 
Euclidean distance measure. Then, positions of the 
original and reduced shapes in this ordination space 
were compared to evaluate the changes caused by the 
progressive sample size reduction.

Bilateral asymmetry and FA

The overall bilateral asymmetry in shape of the 
opposite quadrants composing each semicell was 
quantified by Procrustes distances between the cor-
responding landmark configurations (Fig. 1b). Due 
to the lack of side differentiation within semicells, 
this measure of shape asymmetry cannot separate 
the side-directed, average asymmetry from indi-
vidual asymmetric deviations (FA). However, 
such separation is possible in an analysis of shape 
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symmetry between the lower and upper lateral sub-
lobes because their positions can be unambigu-
ously determined with respect to their positions 
within the entire lateral lobe (Fig.  1c) (Neustupa 
and Stastny 2018). Thus, the standard methodology 
of the geometric morphometric analysis of bilat-
eral symmetry, as widely used in evolutionary biol-
ogy and ecology studies (Klingenberg et  al. 2002; 
Klingenberg 2015), can be applied here. Conse-
quently, the GPA-aligned configurations of these 
lateral lobes were subjected to the two-way mixed 
model Procrustes analysis of variance (Procrustes 
ANOVA) quantifying the differences among indi-
viduals, the average (positional) asymmetry and 
FA (Klingenberg 2015). Note that the term "posi-
tional asymmetry" corresponds to the definition of 
directional asymmetry as used in studies focused 
on symmetry analysis of laterally oriented bilat-
erally symmetric structures, such as animal body 
parts or leaves of vascular plants (Neustupa and 
Stastny 2018).

The FA scores denoting the Procrustes distances 
of individual asymmetric deviations from the mean 
configuration were used for the comparison among 
populations. Size differences among the specimens 
were evaluated using CS, which is the square root 
of the sum of squared distances of all landmarks 
composing the configuration from their centroid 
(Zelditch et  al. 2012). The 95% confidence inter-
vals for the mean values of the univariate measures 
(symmetric variation, bilateral asymmetry, FA, and 
CS) were constructed using 9999 bootstrap repeti-
tions of the original datasets.

Generalised Procrustes analysis (GPA) was 
implemented by the function procGPA in the 
shapes package, ver. 1.2.6, of R, ver. 4.0.5 (R Core 
Team 2021). The PCAs of the aligned coordinates 
and subsequent CVA were conducted in PAST, ver. 
4.10 (Hammer et al. 2001). The shapes typical for 
marginal positions on individual ordination axes 
were visualised in TpsRegr, ver. 1.50 (Rohlf 2015), 
by regressing the aligned coordinates to the object 
scores yielded by the multivariate analyses. The 
analyses of cellular symmetry and asymmetry were 
implemented by utility scripts written in R, ver. 
4.0.5 (R Core Team 2021), which used the func-
tions in the packages geomorph, ver. 4.0.0 (Adams 
and Otárola-Castillo 2013),

Results

Growth rates

The mean SGRs of cultures raised at different tem-
peratures in cultivation chambers varied from 
0.283   days−1 at 25  °C to  0.006   days−1 at 33  °C 
(Fig.  2). The SGR rates were positive, indicating 
cellular growth in cultures in all chambers at tem-
peratures from 13 to 29  °C. On the other hand, the 
populations exposed to 33  °C essentially showed 
stagnation or a slight decrease in the number of cells. 
Thus, these populations were not included in subse-
quent analyses. At the other temperature levels, the 
SGR values were lowest at the marginal temperatures 
of 13 and 29 °C. Conversely, the highest levels were 
found at temperatures of 21 and 25 °C, 

Symmetric variation among individuals

PCA of the symmetrised configurations of semicells 
from five different temperatures showed that 47.3% of 
the total shape variation in the dataset was described 
by a single axis (PC1). This shape trend differentiated 
semicells with deep incisions and protruding polar 
lobes from those with typical relatively shallow inci-
sions and less prominent polar lobes (Fig. 3).

Fig. 2  Specific growth rates (SGRs) of cultures at different 
temperatures



 Aquat Ecol

1 3
Vol:. (1234567890)

In addition, a total of 16.0% of the shape variation 
was spanned by PC2, which mostly highlighted the 
shape changes involving the width of the polar lobe of 
the semicells. The mean positions of the populations 
raised at 13, 17, and 21 °C were very similar within 
this ordination space. However, the populations from 
25 and 29 °C were clearly shifted along PC1 towards 
the shapes with shallow incisions of cellular lobes 
and lobules (Fig.  3). Notably, the right parts of the 
morphospace, typical for these morphological charac-
teristics, were almost exclusively occupied by semi-
cells raised at these two higher temperatures. The two 
typical semicells from temperatures 13 °C and 29 °C 
also clearly illustrate the shape trend described within 
the PCA ordination space (Fig. 4).

The sensitivity analysis for mean shapes of indi-
vidual temperature groups that evaluated their sta-
bility with decreasing sample size showed that the 
mutual positions of the mean shapes in reduced 
datasets were closely similar to those of the original 
samples of 50 semicells. Namely, the changes in the 

positions of the sample means of the same tempera-
ture level in the original and progressively reduced 
datasets only accounted for 1.95%, 3.92%, 4.63%, and 
5.13% of the shape differences among the original 
sample means of different temperature groups in the 
NMDS ordination space. Thus, we concluded that the 
sample sizes of 50 semicells were sufficient for subse-
quent analyses.

The CVA yielded the ordination space dominated 
by the first canonical variate (CV1) that described 
51.6% of the variation. Clearly, this axis illustrated 

Fig. 3  Ordination plot showing the first two principal com-
ponents based on the shape variation among the semicells of 
Micrasterias thomasiana raised at different temperatures. The 
configurations illustrate shapes typical for the opposite most 
marginal occupied positions on the ordination axes within the 

shape space. Small symbols depict the positions of individual 
specimens, and large symbols illustrate the mean positions of 
five temperatures. The mean values of adjacent temperature 
groups are connected by lines

Fig. 4  Morphology of two typical semicells from populations 
raised at a 13 °C and b 29 °C. Scale bar = 20 μm
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separation of two high-temperature groups (25 and 
29 °C) in the left part of the ordination space, typical 
for shapes with shallow incisions and a concave polar 
lobe, from those raised at lower temperatures (Fig. 5). 
The overall permutational MANOVA yielded highly 
significant differentiation among groups (total 
SS = 0.3011, within-group SS = 0.2484, F = 11.69, 
p < 0.0001). Likewise, the post hoc pairwise analyses 
showed that the mean shape features of all the tem-
perature groups, as well as the seasonal samples, dif-
fered from each other (Table 1). However, the weak-
est separation, indicated by relatively low F values, 
was typical for the cultured populations raised at 13, 
17, and 21 °C. In addition, the natural samples were 
also relatively similar to each other, with the July, 
October, and January populations yielding the least 
divergent semicell shapes.

The PCA of the mean shapes, combining the cul-
tured strains and the natural samples, graphically 
illustrated these patterns, such as the close similarity 
of low-temperature populations raised at 13, 17, and 
21 °C, showing typical semicells with deep incisions 
and protruding polar lobes (Fig.  6). Once again, the 
mean shapes of the populations raised at 25 and 29 °C 
were distinctly different, with shallower incisions and 
less pronounced polar lobe. Among the natural sam-
ples, these shape characteristics, characterised by 
their position in the left part of the ordination space 
along PC1 (Fig. 6), were most pronounced in popula-
tions sampled in July and partly also in October. Con-
versely, the April sample was the only one that was 
slightly skewed towards hemispherical shapes typical 
of lower ambient temperatures in the opposite part of 
this morphological trend spanned by PC1.

Fig. 5  Ordination plot showing the first two axes of the canon-
ical variate analysis differentiating five populations of Micras-
terias thomasiana cultured at different temperatures. The 
configurations illustrate shapes typical for the opposite most 

marginal occupied positions on the ordination axes within the 
ordination space. The colours and symbols correspond to those 
in Fig. 3
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There was a slight unimodal pattern in the degree 
of variability among individuals in populations cul-
tured at different temperatures (Fig.  7a). The cells 
grown at 13 °C were somewhat more variable, but the 
95% confidence interval of the mean value overlapped 
slightly with those of the 17 and 21 °C populations. 
In contrast, the plasticity levels of the 25 and 29 °C 
populations were higher, and in particular, that of the 
29 °C population was significantly different from that 
of all the populations growing at lower temperatures 
(Table 2). However, all the natural populations were 
also more variable than the cultured populations, with 
the exception of the one raised at 29 °C. However, the 
shape variability of the summer and autumn samples 
(July and October) was also significantly higher than 
that of cells from the January sample (Table 2).

The size of individual semicells was significantly 
different for the three populations from temperatures 

of 13, 17, and 21  °C and the two populations from 
temperatures of 25 and 29  °C, and their 95% con-
fidence intervals did not overlap with each other 
(Fig.  7b, Table  2). Likewise, the semicells of the 
January and especially the April natural populations 
were significantly larger than the semicells sampled 
in July and October.

Bilateral asymmetry and FA

The bilateral asymmetry of semicells was relatively 
constant across the cultured populations and seasonal 
samples, with no clearly detectable trends that could 
be attributed to the varying temperature of the envi-
ronment (Fig. 8a, Table 2). On the other hand, the FA 
levels that reflected random asymmetric fluctuations 
in the shape of the lateral lobules once again followed 
a slight unimodal pattern across the temperature 

Table 1  Results of the permutational post hoc pairwise tests evaluating differences in the shape of the semicells among individual 
clonal strains and natural populations

The significance of the pairwise F values was evaluated by sequential Bonferroni p values based on 9999 random permutations. 
Lower triangle: F values, upper triangle: p values

13 17 21 25 29 Jan Apr Jul Oct

13 X 0.0003 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
17 5.49 X 0.0183 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
21 7.99 2.87 X 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
25 12.87 20.29 17.01 X 0.0020 0.0001 0.0001 0.0001 0.0001
29 19.31 22.88 22.45 6.50 X 0.0001 0.0001 0.0009 0.0027
Jan 17.20 24.55 25.90 9.34 10.01 X 0.0004 0.0090 0.0103
Apr 7.91 9.44 10.32 9.36 10.19 5.60 X 0.0001 0.0030
Jul 20.41 27.29 27.96 8.47 5.76 3.32 8.15 X 0.0151
Oct 13.73 16.23 18.45 8.81 4.58 3.19 4.18 2.95 X

Fig. 6  Ordination plot of 
the principal component 
analysis based on the mean 
shapes combining the cul-
tured strains and the natural 
samples. The configurations 
illustrate shapes typical for 
the opposite most marginal 
occupied positions on the 
ordination axes within the 
shape space. Colours of the 
temperatures correspond to 
those in Fig. 3
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Fig. 7  a Symmetric shape 
variability within clonal 
populations and natural 
samples expressed by 
Procrustes distances (PDs) 
of specimens to the mean 
configurations of individual 
groups. b Size variation 
in clonal populations and 
natural samples. The violin 
plots show the probability 
density of the observed 
data smoothed by a kernel 
density estimator at differ-
ent values of the variables 
under study. Colours of the 
temperatures correspond to 
those in Fig. 3

Table 2  Mean values of four morphological measures and their 95% confidence intervals (CIs) for clonal populations raised at dif-
ferent temperatures and the natural populations

Symmetric variation Centroid size Bilateral asymmetry Fluctuating asymmetry

Mean [PD] 95% CI Mean [μm] 95% CI Mean [PD] 95% CI Mean [PD] 95% CI

13 0.0173 [0.0160, 0.0186] 683.8 [678.4, 689.1] 0.0189 [0.0173, 0.0203] 0.0328 [0.0295, 0.0359]
17 0.0158 [0.0144, 0.0170] 685.4 [680.5, 690.3] 0.0191 [0.0173, 0.0207] 0.0258 [0.0236, 0.0279]
21 0.0166 [0.0150, 0.0180] 684.5 [680.0, 688.9] 0.0175 [0.0161, 0.0188] 0.0249 [0.0224, 0.0273]
25 0.0179 [0.0163, 0.0195] 653.3 [644.7, 662.3] 0.0186 [0.0173, 0.0197] 0.0279 [0.0251, 0.0306]
29 0.0239 [0.0221, 0.0257] 648.9 [639.7, 658.2] 0.0192 [0.0175, 0.0208] 0.0294 [0.0274, 0.0312]
Jan 0.0226 [0.0204, 0.0247] 698.5 [691.5, 705.4] 0.0156 [0.0146, 0.0164] 0.0369 [0.0323, 0.0411]
Apr 0.0266 [0.0239, 0.0289] 723.2 [715.4, 731.0] 0.0195 [0.0179, 0.0209] 0.0478 [0.0401, 0.0543]
Jul 0.0279 [0.0249, 0.0306] 661.4 [649.1, 673.6] 0.0184 [0.0171, 0.0196] 0.0453 [0.0410, 0.0496]
Oct 0.0289 [0.0259, 0.0317] 672.0 [663.4, 680.7] 0.0173 [0.0160, 0.0185] 0.0568 [0.0482, 0.0643]
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levels (Fig. 8b). Thus, the mean FA of the cells grow-
ing at marginal levels of 13 and 29  °C was slightly 
but significantly elevated in comparison to that of 
the populations from 17 and 21 °C. All of the natural 
samples were typical in terms of their higher FA lev-
els. Among them, the April, July and October 

Discussion

Size and symmetric shape variation in cultures

The present analyses showed that in M. thomasiana, 
there are significant changes in semicell shape, size, 
plasticity, and symmetry among different environ-
mental temperatures. At temperatures between 13 to 
21  °C, the shape and size of mature semicells were 

relatively homogeneous, and these values were close 
to those in the taxonomic description of this species 
(Coesel and Meesters 2007). In contrast, at tempera-
tures above 25 °C, substantial shifts in semicell mor-
phology were observed, with a reduction in width of 
approximately 20% and associated changes in sym-
metric shape features, manifested mainly as compar-
atively shallow cellular incisions among individual 
lobes and lobules, and submerged polar lobes. This 
trend was most pronounced in cells grown at 29 °C, 
the highest temperature studied, at which a positive 
SGR of populations was still observed. However, it is 
interesting that these changes in semicell shape and 
size did not seem to be directly related to the actual 
SGRs of the populations. At 25  °C, where the cells 
already often produced the high-temperature morpho-
types, the highest ever SGR was recorded, exceeding 

Fig. 8  a Bilateral asymme-
try in shape of the semicells 
of the clonal popula-
tions and natural samples 
expressed by Procrustes 
distances (PDs) between 
the original and mirrored 
configurations. b Fluctuat-
ing asymmetry in the shape 
of the lateral lobes in the 
clonal populations and 
natural samples. The violin 
plots show the probability 
density of the observed 
data smoothed by a kernel 
density estimator at differ-
ent values of the variables 
under study. Colours of the 
temperature levels corre-
spond to those in Fig. 3
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values at other temperature levels. This relatively high 
temperature optimum for population growth is con-
sistent with the generally high-temperature affinities 
of most desmids that were described in previous stud-
ies focused on different genera this taxonomic order 
(Stamenković and Hanelt 2011; 2017; Santos et  al. 
2022). In parallel, the decrease in size of semicells 
with increasing temperature closely corresponded to 
the classical temperature–size rule for protist aquatic 
organisms (Atkinson et  al. 2003). The associated 
change is apparently a manifestation of the allomet-
ric shape-to-size relationship that has previously been 
described in several unrelated species of the genus 
Micrasterias (Neustupa 2016), and thus, it is probably 
a deeply conserved phenotypic pattern.

The temperature–size rule has typically been 
explained using two underlying frameworks. The 
first of these assumes earlier binary division of cells 
in a higher-temperature environment that is neverthe-
less still within the temperature niche of a particular 
species. In this concept, high temperature leads to 
thermodynamically faster metabolic processes and 
thus morphogenetically accelerated mitotic division 
(Tabi et  al. 2020). However, this would not explain 
the similar shifts in shape and plasticity in popula-
tions growing at 25 and 29  °C, which differed sig-
nificantly in their SGRs. In contrast, the marginal 
temperature of 29  °C should, under this concept, 
produce large and possibly deviant cells (Atkinson 
et al. 2003). However, this was not the case, and the 
observed pattern with decreased SGRs of populations 
raised at high temperature levels, coupled with their 
smaller cell sizes and shallower cell incisions fits bet-
ter with another framework for the interpretation of 
the temperature-related size diminution in unicellular 
organisms, namely, the need to regulate the uptake 
of substances from the environment, such as oxygen 
and carbon dioxide, which are less available at higher 
temperatures due to their reduced solubility in water 
(Tabi et al. 2020; Zohary et al. 2021). This is reflected 
by the tendency to increase the S:V ratio by decreas-
ing the cell size at higher temperatures.

Size and symmetric shape variation in natural 
populations

Changes in shape and size that were very similar 
to those observed under experimental conditions 
in clonal strains also occurred in natural seasonal 

samples. In these populations, however, it is impos-
sible to determine exactly how old the individual 
analysed semicells were. It has been recognised that 
cells of the genus Micrasterias are able to divide at 
a maximum rate of approximately once every three 
days under optimal conditions (Meindl 1993). This 
was basically consistent with the values of SGRs 
determined in this study in the cultured populations. 
In natural populations, however, a significant propor-
tion of semicells may be considerably older, and their 
morphogenesis took place in the preceding weeks or 
perhaps even months (Brook 1981). Consistent with 
this idea, in our samples, the populations from July 
and October were most similar in terms of shape 
and size to the high-temperature morphotypes. Con-
versely, the April sample contained the most cells 
with typical low-temperature characteristics. Thus, 
the natural populations seem to have reflected the 
meteorological conditions of the period preceding the 
individual sampling dates. The period with the high-
est average temperature, approximately from May to 
September, is reflected in the morphological patterns 
of the summer and autumn samples. These cells are 
then apparently represented only to a relatively small 
extent in the winter population, which already con-
tains a substantial proportion of semicells developing 
at the lower temperatures of the autumn months. Sim-
ilarly, the spring population is largely composed of 
semicells that developed in the relatively cool water 
of the previous weeks.

Interestingly, seasonal morphological variation 
or plasticity of individual species of microalgae has 
rarely been explicitly tested in relation to temperature 
(Naselli-Flores and Padisák 2023). However, there are 
more data available for different members of the phy-
toplankton, and it has been shown, for example, that 
seasonal fluctuations in temperature are among the 
main drivers of observed morphological variability 
(Morabito et al. 2007). Likewise, Zohary et al. (2017) 
showed that the size of most phytoplankton species 
in a eutrophic subtropical lake reflected the seasonal 
temperature patterns, with the largest cells occur-
ring in winter and vice versa. However, the dominant 
group of the phytobenthos, diatoms, were shown to be 
an exception to the temperature–size rule due to the 
considerable size ranges of individual taxa related to 
their size diminution series during asexual reproduc-
tion (Adams et al. 2013). For the other major groups, 
data at the species level are generally not available. 
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This study provides evidence that natural popula-
tions of desmids occurring in temperate ecosystems 
may undergo distinct shape and size changes during 
the season that correlate with their plastic response 
to varying temperatures in clonal populations. It is 
therefore likely that these seasonal dynamics reflect 
the plastic cycles by which the populations respond 
to environmental temperature variability within their 
reaction norms.

Bilateral asymmetry and FA

In contrast to the overall shape changes and their 
symmetric variability, the bilateral asymmetry within 
semicells was essentially stable across the tempera-
ture levels and seasonal samples. Although the pop-
ulations contained outlying semicells with greatly 
increased asymmetry, there was no significant trend 
correlated with temperature. An earlier study showed 
that corresponding parts of each semicell in their 
two symmetric halves are relatively strongly inte-
grated (Neustupa 2017). Thus, looking at the data of 
the present study, it appears that this integration is 
probably not dependent on the ambient temperature. 
A somewhat different pattern was found for the FA 
levels between the adjacent lateral sublobes. Here, it 
was evident that high temperature conditions (29 °C 
or the summer samples) led to a significant increase 
in these random asymmetric deviations, which have 
typically been considered to indicate morphogenetic 
stress (Klingenberg 2015; Benítez et al. 2020).

This was generally in line with several previ-
ous studies, which have shown that environmental 
temperatures of 30  °C or more usually lead to an 
increasing number of cellular malformations in vari-
ous strains of the genus Micrasterias, manifested 
either as simplification of the overall semicell pattern, 
or in formation of asymmetric cell shapes (Meindl 
1990; Weiss et al. 1999; Neustupa et al. 2008; Lütz-
Meindl 2016). Considerably increased production of 
heat shock proteins hsp70 and BiP (binding protein) 
was detected in Micrasterias denticulata as result of 
continuous or repeated experimental heat exposure in 
high temperature levels, indicating increased thermal 
stress (Weiss and Lütz-Meindl 1999). Local influx of 
 Ca2+ ions has been linked to cell pattern formation 
in the clonal strain of M. denticulata (Lütz-Meindl 
2016). Thus, deviations in cell morphology may be 
linked to shifts in the distribution of  Ca2+ ions at the 

plasma membrane that were observed in the semicells 
developing in elevated temperature (Meindl 1990). 
This can then lead to abnormal growth of the primary 
cell wall even in parts of a developing semicell where 
cell incisions would normally be formed due to early 
stiffening of the wall material (Lütz-Meindl 2016).

Interestingly, both symmetric variation and the FA 
levels appeared to be significantly more variable in 
the natural populations than in the cultured strains. 
However, it is important to note that in the case of 
clonal populations grown at different temperature lev-
els, the observed variation has to be considered pure 
phenotypic plasticity within the reaction norm of a 
single genotype (West-Eberhard 1989; Klingenberg 
2019). In the case of the natural samples, on the other 
hand, the influence of genetic variation within popu-
lations, which itself may have led to increased shape 
variation, should be assumed. In addition, it should 
also be taken into account that natural populations 
are exposed to additional environmental influences 
that may manifest as an increase in stress phenotypic 
markers compared to those in strains under controlled 
experimental conditions.

Conclusions

The complex cellular shapes of desmids, characterised 
by their emphasis on maintaining the complex symme-
try of individual lobes and lobules, have long attracted 
the attention of biologists (Ralfs 1848; Brook 1981). 
There is no indication that their evolution and develop-
ment are directly related to biotic interactions, such as 
herbivory-induced morphological changes in scened-
esmacean green algae (Lürling and Van Donk 1999). 
Thus, these complex cells can possibly be regarded as 
so-called unaddressed phenomena in the classical Port-
mannian framework classifying the phenotypic expres-
sions of living organisms (Portmann 1960; 2021). 
This involves the phenotypic aspects of organisms that 
have no obvious functional significance and do not 
appear to be registered or stimulated by other organ-
isms (Jaroš and Klouda 2021). However, the variation 
and ecological dynamics of such complex phenotypic 
structures are typical of intrinsic underlying patterns 
that can be detected by a detailed phenotypic analysis. 
The shapes of desmid cells represent the basic inter-
face through which these organisms interact with the 
environment. Thus, the increased amounts of variation 
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among individuals and fluctuating asymmetry between 
the upper and lower lateral lobes of Micrasterias cells 
in cultures raised at 29  °C, as well as in the natural 
samples taken in July and October, can be considered 
a direct result of high temperature during cell morpho-
genesis. Likewise, the decrease in size of cultured semi-
cells grown at temperatures above 25  °C, and in the 
natural samples from the summer season, was consist-
ent with the direct effects of high temperature on free-
living unicellular organisms.

Thus, the observed phenotypic changes can be 
used for evaluating the effects of adverse environmen-
tal conditions on these important species of peatland 
microphytobenthos. In the context of ongoing climate 
change, which is increasing the frequency of extreme-
temperature events, the relationship between tempera-
ture and shape dynamics of Micrasterias cells provides 
an intriguing system for investigating the effects of 
these stressful conditions on unicellular organisms.
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