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Abstract Synurophytes are planktonic protists

whose cells are covered with silica scales. According

to the temperature-size rule, protists decrease in size

with increasing temperature. Here, we showed that

inorganic silica scales responded to increasing tem-

perature in the same way as the cells did. Two

species, Mallomonas tonsurata and Synura peterse-

nii, were cultivated at five temperature levels (5, 10,

15, 20 and 25�C) and the methods of geometric

morphometrics were applied for scale size and shape

data analyses. We observed that the shape of the

scales was significantly affected by the cultivation

temperature. The overall shape change from rounded,

circular scales to oval or more elongated scales

seemed to be a general feature in synurophytes and

may be considered a consequence of rising temper-

ature. Moreover, the difference in shape remained

significant even if the effect of size (allometric effect)

was separated. Finally, we compared the level of the

scales’ morphological variation among all tempera-

ture treatments. The results indicated that the culti-

vation temperature of 25�C negatively affected

cellular processes involved in scale biogenesis. The

use of the scale shape data has potential in palaeo-

ecological research.

Keywords Allometry � Disparity � Geometric

morphometrics � Silica scales � Synurophyceae �
Temperature-size rule

Introduction

Synurophytes are freshwater flagellate protists. In

multigene molecular phylogenetic analyses, synuro-

phytes are included in the Chrysophyceae/Synurophy-

ceae clade (e.g., Grant et al., 2009) within the

Stramenopiles. Most species of the class belong to the

individually living genus Mallomonas, and the colonial

genus Synura whose cells are connected by their narrow

posterior stalks. Synurophytes are characterised by silica

scales (ca. 4 lm long) that cover their cells and form an

imbricated layer on the surface. In Mallomonas, some or

all scales may harbour a bristle and the mean number of

scales per cell differs among individual Mallomonas

species (Siver, 1991). Scales are produced intracellularly

within silicon deposition vesicles; a chloroplast endo-

plasmic reticulum serves as a shape-matrix. Two main

types of scales can be discerned within the scale cover of

Synura petersenii Korshikov cells: oblong body scales

with a dorsal ridge and narrow rear scales with a reduced

structure (Kristiansen & Preisig, 2007). Mallomonas

tonsurata Teiling em. Krieger has four types of scales:

domed apical, domed body, domeless body and
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domeless rear scales. The domed body scales used in this

study are located only on the anterior part of the cells

(Siver, 1991). The term ‘dome’ refers to the part of a

scale where bristle is attached (Fig. 1). The scale

morphology has been instrumental in the determination

and taxonomy of synurophytes since the mid sixties,

when the transmission electron microscope became

widely used. As silica structures remain preserved in lake

sediments, synurophytes represent valuable bioindica-

tors of either present or past environmental conditions

(e.g., Rojackers & Kessels, 1986; Smol, 1995). How-

ever, even among scales belonging to one species, there

is relatively great morphological variation (Kristiansen,

1979). Probably the most important factor affecting this

variation is the position on the cell (Siver, 1991;

Neustupa et al., 2010). Nevertheless, it has been

demonstrated that environmental conditions influence

the overall shape variations of synurophyte scales

(Neustupa & Němcová, 2007; Němcová et al., 2010;

Řezáčová-Škaloudová et al., 2010).

One of the most important ecological factors affect-

ing the biology of planktonic organisms is water

temperature. The shift of species composition of

synurophytes along a temperature gradient is well

documented; temperature controls seasonal occurrence

and species abundance (Rojackers & Kessels, 1986;

Siver, 1995). Atkinson (1994) proposed a general rule

describing the relationship between temperature and

size of ectotherm organisms, which was further

expanded to protists (Atkinson et al., 2003). Two

explanations were proposed: (1) the cells compensate

for an increased demand for resources in a warmer

environment by reducing their size and hence increas-

ing their surface to volume ratio and (2) selection

pressure for earlier completion of cell cycle is higher

since the offspring of smaller maternal cells, dividing

earlier, will form a larger fraction of the population.

According to this rule, organisms decrease in size with

increasing temperature (within the temperature range

normally encountered in their natural environment).

Outside this range, the response may differ. At low sub-

lethal temperatures, a reduction in size occurred while

at high sub-lethal temperatures, both a reduction as

well as a further increase in cell size was observed

(Atkinson et al., 2003). However, the question remains

whether scales are affected by temperature in the same

way as the cells are. Unlike cells, the silica scales are

inorganic structures that do not grow or change their

shape once they are deposited onto the cell surface

(Wetherbee et al., 1995). The expansion of cell size

prior to cell division is a natural process. During

interphase, the number of scales doubles but their sizes

remain unchanged (Lavau & Wetherbee, 1994). The

silica structures were hypothesised to reflect the cell

expansion caused by decreasing temperatures (Martin-

Wagenmann & Gutowski, 1995; Gutowski, 1996).

Fig. 1 Morphological

structures and the position

of individual landmarks

(squares) and

semilandmarks (circles) on

silica scales. a Synura
petersenii and

b Mallomonas tonsurata.

K keel, R rim, D dome,

V V-rib. Bar 1 lm
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However, an experimental approach combining the

investigation of scale size and cell size is still missing.

Several studies have already been performed

trying to reveal how exactly water temperature

affects the morphology of newly synthesised silica

scales using traditional distance-measuring methods

(Martin-Wagenmann & Gutowski, 1995; Gutowski,

1996; Siver & Skogstad, 1988). More recently,

several studies have targeted the impact of temper-

ature on scale shape, using a modern methodological

approach of geometric morphometrics (GM)

(Němcová et al., 2010; Řezáčová-Škaloudová et al.,

2010). Geometric morphometrics is currently a popular

tool in evaluating shape as a whole and has already

been used in many fields of biology. It is based on the

analyses of configurations of homologous points

(landmarks) (Bookstein, 1991; Zelditch et al., 2004).

Here, we supply detailed information on the effects

of temperature on scale shape and size of two

synurophyte species: Mallomonas tonsurata and Syn-

ura petersenii. Both species are reported to occur in a

wide range of temperature in nature. For example, S.

petersenii was found in plankton samples at temper-

ature of 4.7�C (Němcová, 2010) and at temperature

higher than 25�C (Padisák et al., 2000). Similarly, M.

tonsurata occurred in plankton at temperature of 0�C

(Janatková & Němcová, 2009) and at temperature up to

30�C (Neustupa & Řezáčová, 2007).

Moreover, we have extended previous research by

investigating both allometric and non-allometric

patterns in scale shape plasticity. Usually, a large

fraction of the variation in shape data is due to size

variation among investigated objects. Allometric

relationships uncover size-related variations in shape.

Both size and shape represent important properties of

organisms, with important functional and ecological

implications (Marroig, 2007). The geometric mor-

phometrics approach allowed the precise separation

of shape variation associated with size (allometric)

and shape variation unassociated with size (non-

allometric). Finally, we also investigated the extent of

morphological variation within the scales produced

under various cultivation temperatures.

Materials and methods

The Synura petersenii strain was isolated from a

forest pool in National Park Bohemian Switzerland

(50�52’37.994’’N, 14�19’10.614’’E) in February 2007

and the Mallomonas tonsurata strain from a pond in

Prague (50�1’46.664’’N, 14�32’59.814’’E) in November

2007. Batch cultures were kept in DY IV medium

(Andersen et al., 1997) at 15�C under continuous

light (30 lmol m-2 s-1). The experiments were

carried out simultaneously in serological plates: 20

wells were used for each experimental temperature.

For each strain, five plates were placed in thermostat

boxes with set temperatures of 5, 10, 15, 20 and

25�C. The illumination inside the boxes was

35 lmol m2 s-1 with 16:8 h light:dark cycle. Ini-

tially, each well in the five plates filled with fresh DY

IV medium was inoculated with 2–3 Synura colonies

or approximately 10 Mallomonas cells. The cultiva-

tion lasted 20–30 days, until the populations were

dense enough to provide a large number of scales

produced under the tested experimental conditions

(ca. 40,000 cells ml-1; corresponding to the visible

turbidity). Cells from a culture plate (20 wells) were

combined and treated as a single sample, contami-

nated wells or those where populations did not grow

were excluded. For electron microscopy, the samples

were dried on Formvar-coated copper grids. The

grids were then examined under a TEM JEOL 1011

transmission electron microscope. For each temper-

ature treatment, 50 body scales and 50 domed body

scales were randomly chosen and photographed in

Synura petersenii and Mallomonas tonsurata, respec-

tively. Weakly silicified or broken scales were

excluded from the shape analysis due to the lack of

homologous structures.

The shape of the silica scales was investigated

using landmark-based methods of geometric mor-

phometrics. This approach uses a defined group of

homologous points (landmarks). We defined 30 and

25 landmarks on Synura petersenii and Mallomonas

tonsurata scales, respectively. Semilandmarks were

allowed to slide along the outline of the scale

(Bookstein, 1997). For positions of individual homol-

ogous points and scale terminology, see Fig. 1. The

geometric morphometric data was analysed by TPS

series software (Rohlf, 2006), the statistical analyses

were performed in PAST (Hammer et al., 2001). The

landmark configurations were superimposed by gen-

eralised Procrustes analysis (Zelditch et al., 2004).

Then, the PCA (principal component analysis) of

Procrustes aligned data was carried out for the whole

datasets of 250 scales. We used the scores on the first
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8 (for S. petersenii) and 9 (for M. tonsurata) principal

components (PCs) for further statistical analyses:

MANOVA (multivariate analysis of variance) and

CVA (canonical variates analysis). These PC axes

described altogether 91.1 and 91.4% of the total

shape variation in S. petersenii and M. tonsurata,

respectively, and were found to be significant by the

Joliffe cut-off value (Jolliffe, 1986). The pairwise

comparisons of individual temperature groups were

performed as two-group multivariate permutation

tests (2,000 permutations) on Mahalanobis distance.

Shape configurations typical for individual treatments

were visualised as thin-plate splines deformation

grids depicting the morphological trends between

average group shapes and the overall consensus

configurations. Multivariate regression of shape data

with temperature as the independent variable was

then performed. To determine the effect of temper-

ature on shape, with size-effect controlled, the

allometric shape variation was separated (Debat

et al., 2003; Černá & Neustupa, 2010). First, we

performed a multivariate regression of shape data on

the centroid size (CS) of the scales. CS is defined as

the square root of the sum of squared distances from

the landmarks to their centroid (Zelditch et al., 2004).

Then, we used residuals from this regression (in R,

version 2.6.2) for PCA analysis. Scores on the first 9

(11) PC axes spanning 92.0% (93.5%) of the total

variation for S. petersenii (M. tonsurata) were used

for MANOVA, CVA and two-group permutation

tests. Also, multivariate regression of non-allometric

(size-independent) shape data on temperature was

conducted and significance of the tests was tested by

permutation tests (1,000 permutations). The residuals

were added to consensus configurations in order to

visualise non-allometric shape as deformation grids.

Centroid size and scale length were used as scale size

variables. To test the difference in size between

individual treatments, permutation t tests were used

(10,000 permutations). Moreover, correlation between

the size and temperature was counted. We also

examined the relationship between Synura petersenii

cell volume and cultivation temperature. Fifty cells

from each temperature treatment were randomly cho-

sen, their width and length were measured and approx-

imate volume was counted according to Hillebrand

et al. (1999). To quantify the extent of morphological

variation within individual temperature groups, we

took the scores of the objects (individual landmark

configurations) in the PCA ordination space and

counted the Euclidean distance between all pairs of

objects (within one group). The differences in mean

Euclidean distances between individual treatments

were tested by permutation tests (10,000 permutations).

Results

Both centroid size and length of scales at the

individual temperature levels are shown in Fig. 2a–d.

In both species, there was a significant decrease in the

centroid size with increasing temperature (rs = -0.44,

P permutation \ 0.001 for Synura petersenii and

rs = -0.64, P permutation \ 0.001 for Mallomonas

tonsurata). Similarly, the length of scales decreased

(rs = -0.45, P permutation \ 0.001 for S. petersenii

and rs = -0.62, P permutation \ 0.001 for M. tonsu-

rata. However, S. petersenii scales increased in size

when cultivated under 25�C. Therefore, the negative

correlation was stronger after the elimination of the

25�C treatment (centroid size: rs = -0.55, P \ 0.001;

scale length: rs = -0.54, P \ 0.001). A similar

response was revealed in the size (expressed as cell

volume) of S. petersenii cells (rs = -0.2, P \ 0.001

for all temperature treatments; rs = -0.59, P \ 0.001

when 25�C temperature treatment was omitted), see

Fig. 3. Furthermore, the relative thermal sensitivity of

cell volume was counted according to Atkinson et al.

(2003). We revealed for each 1�C increase, a cell

volume reduction of 2.96% of the volume observed at

15�C in S. petersenii, within the temperature range

5–20�C.

The PCA analyses of the shape data were performed

on the whole set of 250 scales. The MANOVA analysis

was significant for both species investigated (S.

petersenii: Wilks‘k: 0.2745; F = 11.54; P \ 0.001;

M. tonsurata: Wilks‘k = 0.2517; F = 11; P \ 0.001)

and the CVA clearly discriminated between all the

temperature groups. The permutation tests on the values

of Mahalanobis distances showed significant differ-

ences between all pairs of groups in both species. Also,

in both cases, the scales from the lowest (5�C) and

highest (25�C) temperature levels were well segregated

along the first canonical axis that leads in the direction

of highest among-group variation (Fig. 4a, b). More-

over, temperature explained a significant proportion of

the overall shape variation in multivariate regression

(4.87% in S. petersenii and 7.06% in M. tonsurata).
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In both the investigated species, the shape of the

scales was significantly related to cultivation

temperature.

The morphological trends typical for each tem-

perature level were depicted as deformation grids

(Fig. 5a, b). In S. petersenii, the dorsal ridge (keel)

was markedly narrower at higher temperatures.

Conversely, the rim was wider. Furthermore, the

scales from 25�C had their distal part apparently

shorter in comparison to other groups. The most

distinct morphological feature in M. tonsurata scales

was the varying proportion of the dome within the

area of the whole scale. At higher temperatures,

the dome became relatively larger. Besides this, the

shape of the V-rib differed among individual tem-

perature levels.

A significant allometric effect of size on the shape

was revealed. Multivariate regression models of

shape data on the centroid size explained 5.4% of

total shape variance (Wilk’s k = 0.3, permutation

P = 0.001, Goodall’s F = 14.575, permutation P =

0.001) in S. petersenii and 12.2% (Wilk‘s k = 0.14,

Fig. 2 Size of silica scales expressed as centroid size and

length of scales in different temperature treatments. a Synura
petersenii—centroid size, b Mallomonas tonsurata—centroid

size, c S. petersenii—scale length, d M. tonsurata—scale

length. Groups marked with an asterisk are not significantly

different in their mean centroid size (scale length)

Fig. 3 Cell volume of Synura petersenii cells in different

temperature treatments and mean cell shape reconstructions.

Groups marked with an asterisk are not significantly different

in their mean cell volume
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permutation P = 0.001; Goodall’s F = 33.997, per-

mutation P = 0.001) in M. tonsurata. A comparison of

the proportion of the explained variation showed that

the overall shape was actually more affected by size

than by cultivation temperature. Therefore, we

removed the effect of allometric shape variation and

focused on the effect of temperature itself. The PCA

was carried out on the residuals from the multivariate

regression of shape data on the centroid size. MANO-

VA was significant for both species (S. petersenii:

Wilks‘k = 0.4194, F = 6.451, P \ 0.001; M. tonsu-

rata: Wilks‘k = 0.4838, F = 4.279; P \ 0.001).The

CVA ordination plots illustrating the non-allometric

shape variation are shown in Fig. 4c and d and

corresponding deformation grids in Fig. 5c and d. All

pair wise comparisons on Mahalanobis distances

proved that the different temperature groups were still

significantly different in their shape (permutation

P \ 0.01). In S. petersenii, the discrimination between

the two extreme temperature treatments was even

better compared to the overall shape analysis (compare

Fig. 4a, c). The multivariate regression of the non-

allometric (size-unrelated) component of shape on

temperature was still significant and explained 2.9 and

5.1% of the total variation in S. petersenii and

M. tonsurata, respectively. As this proportion is lower

than in the overall shape analysis, it is apparent that the

discrimination between the temperature groups was at

first indeed affected by the different size of the scales.

Slight differences in shape were also observed on the

shape reconstructions but in general, the pattern of

shape dynamics remained very similar (Fig. 5). In both

the investigated species, the scales from the 25�C

treatment remained the most different in their overall

shape. Markedly, the shape of the S. petersenii scales

from the 20�C treatment did not differ so clearly from

Fig. 4 CVA ordination plots showing mean (centroid)

position of each temperature group. a Synura petersenii,
overall shape variation, b Mallomonas tonsurata, overall shape

variation, c S. petersenii, non-allometric shape variation and

d M. tonsurata, non-allometric shape variation. Filled circle
5�C, inverse triangle 10�C, filled square 15�C, filled diamond
20�C and filled triangle 25�C
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the others as that before the removal of the allometric

variation. Moreover, the dome area in M. tonsurata

did not vary further among the treatments, showing

that these morphological trends were in fact a

consequence of different scale size in individual

temperature groups.

The extent of morphological variation at different

temperature levels is depicted in Fig. 6. In S. petersenii,

the lowest shape variation was within the 15�C group

(but was not significantly different from that at 5 and

20�C). On the other hand, the scales were morpho-

logically most diverse at the highest investigated

temperature (25�C). The M. tonsurata scales were the

least variable in morphology at 15�C. Both the

decreasing and increasing cultivation temperatures

caused a significant increase in morphological

variation.

Discussion

The temperature-size rule, expressed as a negative

regression of size or volume over temperature, was

present in the scales of both the investigated species

and in the cells of S. petersenii as well. The cells of S.

petersenii decreased in size (here expressed as

volume) consistently from 5 to 20�C congruently

with the temperature-size rule (Atkinson, 1994;

Atkinson et al., 2003), while their volume increased

again at a higher cultivation temperature (25�C).

Fig. 5 Thin plate splines showing morphological trends

characteristic for the mean scale shape for each treatment.

a Synura petersenii, overall shape variation, b Mallomonas
tonsurata, overall shape variation, c S. petersenii, non-

allometric shape variation and d M. tonsurata, non-allometric

shape variation. Scale factor: three times magnified to

emphasise differences

Fig. 6 The extent of morphological variation in particular

temperature treatments expressed as the average Euclidean

distance among the specimens in the PCA ordination space.

a Synura petersenii and b Mallomonas tonsurata. Groups

marked with an asterisk are not significantly different in their

average Euclidean distance
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Such a response was demonstrated for the tempera-

ture above the range where temperature-related size-

reduction rule applies (outside the range of normally

encountered conditions) e.g., for the diatom Coscin-

odiscus at 24�C (Montagnes & Franklin, 2001). This

is not surprising since in natural localities of

temperate regions, planktonic organisms rarely

encounter a constant water temperature of 25�C or

higher for long periods of time. Size-reduction trend

was observed in inorganic silica scales of both the

investigated species (the scales decreased in size

through the whole range of experimental conditions

in M. tonsurata). Consequently, we consider that an

increasing cultivation temperature leads to the pro-

duction of smaller cells with smaller scales and vice

versa. We are aware of the fact that more species

have to be experimentally examined to verify this

assumption. A scale size reduction with increasing

temperature has already been demonstrated in

M. tonsurata (Gutowski, 1996). However, only one

of three investigated strains of S. petersenii decreased

the scale size significantly with increasing tempera-

ture in the study by Martin-Wagenmann & Gutowski

(1995). In other synurophyte species, Mallomonas

kalinae Řezáčová and Synura curtispina (Petersen &

Hansen) Asmund, scales decreased in size with

increasing temperature but increased again in size at

the highest experimental level (30�C) (Řezáčová-

Škaloudová et al., 2010). Moreover, the temperature-

related shape change of single cells may have

subsequent effects on the number of cells in a colony

(Fig. 3). Rounded cells with short stalks have lower

potential to build up the colonies with high number of

cells simply for mechanistic reasons. However, we

did not count cells comprising S. petersenii colonies

as it was beyond the scope of this work.

The cultivation temperature had a significant

impact on the shape of silica scales in both the

investigated species, although only a small amount of

the overall variation was explained by particular

regression models. The average scale shape differed

significantly amongst all temperature groups in both

M. tonsurata and S. petersenii (Fig. 5a, b). It was

difficult to compare the morphological trends in both

the investigated species because the scale structures

were not homologous and different sets of landmarks

were used. Nevertheless, the overall shape change

from rounded, circular scales to oval or more

elongated scales was traced in both M. tonsurata

and S. petersenii. Similar morphological trends asso-

ciated with temperature have also been observed in

different S. petersenii strains (Martin-Wagenmann &

Gutowski, 1995) and S. curtispina (Řezáčová-

Škaloudová et al., 2010). The above-described shape

change seems to be a general feature in synurophytes

and may be considered a consequence of rising

temperatures. In S. petersenii, we revealed that the

scales with a large prominent keel were accompanied

by a reduced thin rim at low temperatures. On the other

side of the temperature gradient, the scales had a highly

reduced thin keel and a wide expanded rim. Our

findings are consistent with previous results from

Němcová et al. (2010), who suggested a compensatory

principle accompanying the scale shape change. The

scales change their shape within a certain ‘frame’

where one change in scale morphology is compensated

by the other one in order to retain scale firmness. The

effect of temperature on M. tonsurata scales has

already been studied by the means of traditional

morphometrics (Gutowski, 1996). Employing more

detailed methods of GM, we confirmed some of the

shape trends, such as the shortening of scales,

expanding of the dome area and the V-rib shape

varying between a ‘U’-like and ‘V’-like form. On the

other hand, the scales produced at 5�C in our temper-

ature experiment differed considerably in shape from

those published previously. However, Gutowski

(1996) noted that her investigated population of

M. tonsurata did not grow well at 5�C. Consequently,

the scales used in the analysis might have belonged to

the inoculum cells and might not have been produced

under the experimental conditions at 5�C.

Allometry is a common phenomenon in living

organisms. Usually, a large portion of shape variation

is connected with a size change accompanying

growth. For example, size accounted for 23.8% of

the total shape variation in the Drosophila wing

(Debat et al., 2003), 37.5% in a desmid Micrasterias

rotata Ralfs (Neustupa et al., 2008) and 13.9% in

coenobial green alga Pediastrum duplex Meyen

(Neustupa & Hodač, 2005). This was also observed

in the present study where the size significantly

affected scale shape. Scales represent firm inorganic

structures, which do not change their shape once they

are exocytosed to the cell surface (Leadbeater &

Barker, 1995; Wetherbee et al., 1995). The size-

related shape change in silica scales is not connected

with growth but rather with the position of the scale
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on the cell surface (Neustupa et al., 2010; Řezáčová-

Škaloudová et al., 2010). Consequently, the allome-

tric effect is weaker, accounting for 5.3 and 12.2% in

S. petersenii and M. tonsurata, respectively. The

separation of the allometric effect enables us to study

the size-independent effect of cultivation temperature

on scale shape. Distribution of group centroids on

CVA ordination plots differed only slightly between

both types of analyses (allometric vs. non-allometric

shape data, Fig. 4). Analysis of size-dependent (allo-

metric) variation revealed scales produced at 20�C in

S. petersenii and at 25�C in M. tonsurata to be the

most different in shape (Fig. 5a, b). Herewith, within

the above-mentioned temperature groups, the small-

est scales were recorded in both species (Fig. 2a, b).

After a separation of the allometric effect (non-

allometric variation), these temperature groups did

not differ in their scale shape. Moreover, increasing

dome area in M. tonsurata connected with increasing

temperature was revealed to be dependent on size. In

analysis of non-allometric shape variation, no such

trend was observed (compare Fig. 5b, d). The area of

the dome seemed to be more or less constant, while

the scale body decreased in size with increasing

temperature. The dome serves as a place where silica

bristles are attached to the scales. Therefore, it is

likely to be not very variable in order to retain its

function.

In both species, the highest extent of scale shape

variation was revealed at the temperature of 25�C (the

highest viable temperature). The highest extent of

morphological disparity was observed in S. echinulata

in suboptimal conditions such as a low temperature

combined with a long-term low light intensity

(Němcová et al., 2010). The most different shape

patterns, observed in both species at 25�C together

with increased scale shape variation (proved by

geometric morphometrics analyses), may support the

fact that the cells were stressed by this temperature. In

general, the rise of morphological variation is con-

sidered to be a result of environmental stress (Gha-

lambor et al., 2007). However, to decide whether the

response was adaptive or non-adaptive (stress

induced), we need to determine stressing condition

by parallel measurements of e.g. growth rates or the

rate of photosynthesis. Remarkably, in M. tonsurata,

the scale shape variation rose at both high and low

temperatures. The M. tonsurata strain used in this

study was isolated from an ice-covered pond.

However, synurophytes have been observed repeatedly

to form dense populations in suboptimal temperature

conditions (Martin-Wagenmann & Gutowski, 1995;

Gutowski, 1996; Saxby-Rouen et al., 1997; Lee &

Kim, 2007). Lower competition and predation pressure

(Siver, 1995) as well as a higher content of dissolved

carbon dioxide were listed to enhance population

growth at low temperatures. Carbon dioxide is the key

source of inorganic carbon for synurophyte photosyn-

thesis as they are unable to utilise bicarbonate (Bhatti &

Colman, 2005, 2008).

In conclusion, we demonstrated that cultivation

temperatures significantly affected silica scale shape

and size and that all the individual temperature groups

could be significantly discriminated according to their

mean scale shape. However, taxonomically relevant

characteristics of the scales did not change, e.g., all

the scales were clearly recognisable as S. petersenii

and M. tonsurata, respectively. Nevertheless, one

must consider temperature to represent just one of the

set of factors that influence organisms in nature. When

experimentally obtained data are tested and verified in

natural populations, they may provide new insights

into palaeoecological research and bioindications.
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