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With 6 fi gures

Abstract; Algal cells show many types of complex symmetry. For instance, Micrasterias rotata cells are 
symmetric relative to two perpendicular axes of symmetry. Due to the mode of cell division of Micrasterias 
rotata cells, the symmetry axes can be interpreted as a left-right axis and a juvenile-adult axis. Here, we 
analyze symmetry and allometry in Micrasterias rotata cells. We apply a new general approach for shape 
analysis of structures with any type of symmetry. Our method can separate a component of symmetric 
variation among individuals from one or more components of asymmetry, depending on the type of sym-
metry under study, and thus is appropriate for the study of symmetry in these cells. Our results suggest 
that almost two-thirds of the shape variation in our example (62.3 % of the total variance) is explained by 
the asymmetric component relative to the juvenile-adult axis. Therefore, most morphological variation 
occurs between juvenile and adult semicells. Given that these shape changes are associated with the size 
of the semicells, they indicate a type of allometry between semicells. We also compared these patterns of 
allometry within cells to allometry among cells by using a multivariate regression of shape averaged by 
individuals onto size of the whole cells. A permutation test shows a highly signifi cant association between 
size and shape of the whole cells. 
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Introduction

Algal cells show a great morphological diversity and exhibit many intricate patterns of symmetry. 
For instance, many algal cells are radially symmetric (e. g., valve view of Cyclotella meneghiniana, 
Bacillariophyta) while others are symmetric with respect to two perpendicular axes of bilateral 
symmetry (e. g., valve view of Achnanthidium minutissimum, Bacillariophyceae). In Micrasterias 
rotata, the fully grown cells are symmetric relative to two perpendicular axes of symmetry. One 
axis passes through the isthmus and divides the cell into a juvenile and adult semicells, the second 
separates the left and right sides of the semicells. These cells are a unique biological system that 
allows the investigation of complex symmetry combined with a very interesting growth (e. g., 
Meindl 1993). 
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Recently, Potapova & Hamilton (2007) have presented a method for shape analysis of symmetry 
in diatoms that are symmetric with respect to two perpendicular axes of bilateral symmetry and only 
the symmetric part of the variation was considered. Frey et al. (2007) also designed a framework 
for analysis of rotational symmetry only. We developed a more general method for shape analysis 
of all possible types of symmetry (Savriama & Klingenberg 2006, Savriama & Klingenberg subm.) 
and we apply this approach to data collected from a clonal culture of Micrasterias rotata cells. This 
framework can distinguish a component of symmetric variation from one or more components of 
asymmetric shape changes that might occur depending on the type of symmetry under study and 
therefore is suitable for a complete study of symmetry in Micrasterias rotata cells.

Given that the cells undergo a particular type of growth that implies considerable ontogenetic 
differences between juvenile and adult semicells within a single cell, we suppose these growth 
differences may induce more morphological variation between the juvenile and adult semicells 
than between the left and right halves of the semicells. Also, juvenile semicells are smaller than 
the adult semicells and the morphological differences between them may be related to differences 
in size. That means there is a type of allometry in the differences between semicells, which can 
be analyzed as a component of variation within cells. We also test for allometry among cells to 
compare the shape changes associated to variation in size between semicells and allometry of 
the whole cells.

Materials and methods 

Specimens and data collection

We used the K604 strain of Micrasterias rotata cells from the Culture Collection of Algae of 
Charles University of Prague (CAUP). Cells were grown in identical conditions at 25 °C, in 12:12 
hours day/night illumination and in CAUP oligotrophic medium (see at http://botany.natur.cuni.
cz/algo). In total, 58 cells were photographed at the same magnifi cation with an Olympus BX51 
light microscope. For each photograph, 20 landmarks (Fig. 1) were digitized in two dimensions 
using tpsDig version 2.05 (Rohlf 2006). In both juvenile and adult semicells, landmarks 1, 9, 18 
and 10 describe the lower extremities of lower lateral lobules, landmarks 2, 8, 17 and 11 represent 
the bases of incisions between the lower lateral lobules, landmarks 3, 7, 16 and 12 pinpoint the 
bases of incisions between polar and lateral lobes, landmarks 4, 6, 15 and 13 identify the lateral 
margins of the polar lobes, landmarks 5 and 14 locate the incision of the polar lobes and landmarks 
19 and 20 represent the margins of the isthmus. 

Defi nition of symmetry

An object is symmetric if it remains unchanged after a set of transformations is applied to it 
(e. g., Weyl 1952). For example, the human face is symmetric because it remains identical after a 
refl ection about its middle axis (or plane). The simplest transformation is the identity, which maps 
any point onto itself. Other transformations include rotations, refl ections and translations. The 
transformations that leave an object unchanged are called symmetry transformations. Every type 
of symmetry is associated with a set of symmetry transformations. This set forms a mathematical 
group, which is called the symmetry group (e. g., Rosen 1975). For instance, bilateral symmetry is 
associated with a symmetry group that contains two transformations: the identity and a refl ection. 
For the Micrasterias cells in this study, the symmetry group contains four transformations (Fig. 2).

Some symmetry groups are fi nite because they contain a countable number of symmetry transfor-
mations; all of these symmetry groups can be generated by combining refl ections and/or rotations 
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(e. g., Rosen 1975). A mathematical defi nition of symmetry using the theory of symmetry groups 
provides a standardized and systematic approach to the study of symmetry.

Shape analysis of symmetry

The analysis of shape in geometric morphometrics is done with multivariate statistical analyses 
performed on landmark coordinates after discarding the extraneous information of size, position 
and orientation (e. g., Dryden & Mardia 1998). This extra information is eliminated using a general-
ized Procrustes fi t according to a least-squares criterion. A mean shape confi guration (consensus) 
is computed and variation around this mean can be calculated (e. g., Dryden & Mardia 1998).

By combining the reasoning based on symmetry groups and the methods of geometric mor-
phometrics, it is possible to analyze shape variation in any symmetric object. First, the original 
confi guration of landmarks for the whole structure is duplicated as many times as there are sym-
metry transformations in the symmetry group of the object. Then, these copies are included in a 
new dataset and the symmetry transformations in the symmetry group are applied to them (Fig. 
2). Finally, a joint Procrustes fi t is applied to the combined data set.

If there is refl ection in the symmetry group, the confi guration of landmarks consists of a combina-
tion of paired landmarks that are located outside of the axis of symmetry and unpaired landmarks 
that are aligned on it. Refl ected copies of these confi gurations are generated by multiplying one 
of the coordinates of all landmarks by –1 (e. g., all x-coordinates). To include the original and 

Fig. 1. Schematic representation of a cell of Micrasterias rotata with a less developed juvenile semicell (up-
per half) and a more developed adult semicell (lower half). The landmarks used in this study are also shown. 
Note that the cell structure and arrangement of landmarks are symmetric about the horizontal and vertical 
axes, except for asymmetries such as the difference in growth between the juvenile and adult semicells.
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refl ected copies of the landmark confi guration in combined dataset together, it is necessary to 
relabel the landmarks in the refl ected copies by interchanging the corresponding paired landmarks 
on either side of the axis of symmetry (Mardia et al. 2000, Klingenberg et al. 2002). 

If the symmetry group contains rotations, the whole confi guration can be represented as sectors 
arranged around the centre or axis of rotation (like a pie cut into a number of equal slices). Ro-
tated copies are produced in a way that depends on the order of rotation, the number of repeated 
steps it takes to cover a full circle (i.e., for a rotation of order n, each step is a rotation by 360°/n). 
Two types of landmarks can be distinguished: those at the centre or axis of rotation (which may 
be present or not) and landmarks outside the centre or axis of rotation that are present in each 
repeated sector. Rotated copies are produced by mapping the landmarks of each sector to the 
corresponding landmarks in the sector that is removed by a given number of steps. One rotated 
copy is needed per repeated step up to the order of rotation. Only this relabelling is needed to 
generate the rotated copies because the Procrustes fi t will automatically perform the rotations to 
superimpose the corresponding landmarks of the rotated and relabelled copies.

In our case, the symmetry group of a Micrasterias rotata cell contains four symmetry transforma-
tions (Fig. 2): the identity, refl ection about the left-right axis, rotation of order 2 (i.e., by 180°; this 
is equivalent to two successive refl ections about the two axes), and the combination of refl ection 
about the left-right axis and rotation by 180° (identical to refl ection about the juvenile-adult axis).

Finally, a Procrustes fi t simultaneously superimposes the combined dataset to extract shape 
information after discarding the extraneous information of size, position and orientation (e. g., 
Dryden & Mardia 1998). The mean shape confi guration (consensus) from the Procrustes fi t is 

Fig. 2. Analysis of a symmetric structure with two perpendicular axes of bilateral symmetry. The symmetry 
group of the object contains four symmetry transformations and therefore is fi nite: the identity, refl ection 
about the vertical axis, a rotation by 180° (which is identical to two successive refl ections about both axes) 
and a combination of refl ection with rotation by 180° (which is equivalent to refl ection about the horizontal 
axis). An original confi guration of landmarks and all its transformed copies with the landmarks appropriately 
relabelled are superimposed simultaneously by a Procrustes fi t. The resulting consensus shape is symmetric.

Nova-Hed_136_Buch.indb   46 27.04.10   12:41



47Geometric morphometrics

completely symmetric under all symmetry transformations in the symmetry group (for details see 
Savriama & Klingenberg 2006, Savriama & Klingenberg submitted). 

We decompose the variation around the consensus into a component of symmetric variation 
and one or more components of asymmetry by calculating the appropriate averages or differences 
among the Procrustes coordinates obtained after the Procrustes fi t. The component of symmetric 
variation is measured by the differences among the individual averages over all transformed 
copies and represents the variation among individuals. A component of asymmetry can be ex-
tracted from the differences among the transformed copies of each individual. Depending on the 
type of symmetry under study, multiple components of asymmetry may arise. For example, for 
Micrasterias rotata cells, which are symmetric with respect to refl ection and rotations by 180°, 
there are three components of asymmetric variation: a component of variation that is asymmetric 
relative to refl ection about the juvenile-adult axis but symmetric with respect to refl ection about 
the left-right axis, a component of variation that is asymmetric with respect to refl ection about 
the left-right axis but symmetric under refl ection about the juvenile-adult axis, and a component 
of variation that is asymmetric under refl ection about both axes but symmetric under rotations by 
180°. Note that there is no totally asymmetric component for this type of confi guration because 
of constraints imposed by the Procrustes fi t. 

Analyses

We apply our new method to the data collected from Micrasterias rotata cells. The combined 
data set of original landmark confi gurations and refl ected and rotated copies is superimposed with 
a full Procrustes fi t and the data are projected into the tangent space by orthogonal projection 
(Dryden & Mardia 1998).

In the shape analysis of bilateral symmetry, it has been demonstrated that after the landmark 
coordinates have been appropriately transformed, relabelled, and superimposed by a Procrustes 
fi t, a principal component analysis (PCA) of the combined dataset can separate the components 
of symmetric variation from the components of asymmetric shape changes (Kolamunnage & Kent 
2003). We extend the approach of Kolamunnage & Kent (2003) to separate the components of 
shape variation for a more complex type of symmetry. 

To investigate if the shape changes are associated to variation in size of the whole cells, we use 
a multivariate regression of the Procrustes coordinates on centroid size (e. g., Monteiro 1999). 
Centroid size is the most common and explicit measure of size in geometric morphometrics, which 
is computed as the square root of the sum of the squared distances of all landmarks from their 
centroid (e. g., Dryden & Mardia 1998). To compute the component of symmetric variation, we 
averaged the Procrustes coordinates for the original and transformed copies of the landmarks of 
each individual. The relationship between the shape variables and centroid size in the multivariate 
regression can be visualized by plotting a shape score against centroid size (Drake & Klingenberg 
2008). This shape score is a projection of each data point onto the direction of the regression 
vector in the shape tangent space, and is therefore the shape variable that is most closely related 
to centroid size (for details see Drake & Klingenberg 2008). The statistical signifi cance of the 
relationship between the shape scores and the centroid sizes is assessed by a permutation test 
with 10,000 rounds of random permutations (e. g., Good 2000). All statistical procedures were 
carried out with MorphoJ (Klingenberg 2008) and the SAS system for Windows Version 9.1.3 
(SAS Institute, Inc., Cary, NC).
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Results 

The PCA produced 36 principal components (PCs), which corresponds to the dimensionality of 
the shape tangent space (the total number of landmarks, 20, multiplied by 2 minus 4). The PCs 
can be divided into four categories according to the symmetry of the associated shape changes. 
Here, we present one PC for each category as an example (Fig. 3). The PC1 belongs to the fi rst 
category and it is asymmetric with respect to refl ection about the juvenile-adult axis but sym-
metric relative to refl ection about the left-right axis (Fig. 3A). The patterns of shape variation for 
the PC1 show an overall reduction of the juvenile semicell compared to the adult semicell. For 
the juvenile semicell, landmark displacements occur towards the centre of the cell at the bases 
of incisions between lateral lobules, polar lobes and lateral lobes, whereas opposite movements 

Fig. 3. Decomposition of shape variation in Micrasterias rotata cells. This fi gure shows examples of PCs 
for each category of shape variation. Each diagram shows the symmetric consensus (open circles and dotted 
lines) and the differences between the consensus and the other confi guration (solid circles and solid lines) 
represent the shape change associated with the respective PC by an arbitrary amount of + 0.1 units of Pro-
crustes distance. The percentages represent the part of the total shape variation for which each PC accounts. 
A. PC1. The shape change is asymmetric relative to refl ection about the juvenile-adult axis but symmetric 
with respect to refl ection about the left-right axis. B. PC2. This shape change is totally symmetric, i.e., sym-
metric under all transformations in the symmetry group. C. PC6. The shape change is asymmetric under 
refl ection about the left-right axis but symmetric under refl ection about the juvenile-adult axis. D. PC10. The 
shape change is asymmetric relative to refl ection about both axes but symmetric under rotations by 180°.
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take place in the adult semicell (Fig. 3A). Another category of shape variation is represented by 
the PC2, which is completely symmetric with respect to refl ection and rotation by 180° (Fig. 3B). 
In this PC, the landmarks are shifting away from the centre of the cell at the bases of incisions 
between lateral lobules, polar lobes and lateral lobes. The PC6 belongs to another class of shape 
changes, which is asymmetric with respect to refl ection about the left-right axis but symmetric 
relative to refl ection about the juvenile-adult axis (Fig. 3C) and another group of shape variation 
is represented by the PC10, which is asymmetric with respect to refl ection about both axes but 
symmetric relative to rotation by 180° (Fig. 3D).

The symmetries of the shape changes associated with PCs are key to interpreting the scatterplots 
of PC scores (Fig. 4 and 5). Because the shape change for the PC1 is symmetric under refl ection 
about the left-right axis (Fig. 3A), this PC cannot differentiate according to this refl ection and, 
as a consequence, the copies of a given cell’s confi guration that differ only by this refl ection will 
have the same PC1 scores. Likewise, because the shape change for the PC2 is completely sym-
metric (Fig. 3B), all four copies for any given cell receive the same PC2 score. The plot of the 
PC1 versus PC2 scores refl ects these properties: it shows a distribution of the PC scores that is 
symmetric under refl ection about the vertical axis (Fig. 4). Each data point corresponds to two 
copies of the landmark confi guration of the corresponding cell that differ by a refl ection about 
the left-right axis, because the shape changes for both the PC1 and PC2 are symmetric under this 
transformation. However, because the PC1 does distinguish the shapes according to the refl ection 
about the juvenile-adult axis, whether or not the copies of a given cell are refl ected about that axis 
determines the sign of their PC1 scores. As a result, there is a symmetric scatter of points (Fig. 4).

The situation for the plot of the PC1 versus PC3 scores is somewhat different, because both these 
PCs are associated with shape changes that are symmetric under refl ection about the left-right 
axis but asymmetric about the juvenile-adult axis. Because neither axis distinguishes the left-
right refl ections, copies of a given cell’s landmark confi guration that differ just by this refl ection 
fall on the same point in the plot (Fig. 5). Because both the PC1 and PC3 pick up differences in 
refl ection about the juvenile-adult axes, the scores of copies of a given confi guration that differ 
in this refl ection have opposite signs for both the PC1 and PC3, which in turn means that they 
are related by a rotation by 180° about the origin of the coordinate system. The result is that the 
scatter plot shows rotational symmetry of order 2 (Fig. 5).

Because the different types of PCs can be clearly identifi ed, it is possible to add up the eigenval-
ues of PCs that belong to a specifi c category of shape variation to determine how much variance 
each category of shape changes account for. In total, 9 PCs are asymmetric relative to refl ection 
about the juvenile-adult axis but symmetric with respect to refl ection about the left-right axis and 
account for most of the shape variation (62.3 % of the total variance). The rest of the shape variation 
is taken up by 9 PCs that are totally symmetric under refl ection and rotations by 180° (25.8 % of 
the total variance), 9 PCs that are asymmetric with respect to refl ection about the left-right axis 
but symmetric regarding refl ection about the juvenile-adult axis (6.1 % of the total variance) and 
9 PCs that are asymmetric relative to refl ection about both axes but symmetric under rotations by 
180° (5.8 % of the total variance).

These results suggest that almost two-thirds of the morphological variation is explained by dif-
ferences between adult and juvenile semicells. Given that the juvenile semicells are smaller than 
the adult semicells, the shape differences between semicells appear to be associated with size. 
Therefore, the patterns of shape changes related to growth obtained via the PCA can be viewed 
as a type of allometry that occurs between semicells of different age, in other words, a type of 
allometry within cells.

To compare these patterns of within-cell allometry to patterns of allometry among cells, we use 
a multivariate regression of the Procrustes coordinates averaged by individuals on centroid size of 
the whole cells. A plot of the shape scores from the multivariate regression against the centroid 
size shows a clear relationship between cell shape and size (Fig. 6A). Centroid size accounts for 
19.49 % of the total amount of shape variation and the permutation test indicates that the multi-
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variate regression is statistically highly signifi cant (p < 0.0001). This allometry can be visualized 
as the shape change that corresponds to an increase in centroid size by 20 micrometers (Fig. 6B). 
The allometric shape changes among cells correspond to landmark movements towards the isth-
mus at the bases of incisions between lateral lobules, polar lobes and lateral lobules, whereas the 
polar lobes become thinner and more elongate while moving away from the isthmus (Fig. 6B). 

Fig. 4. Scatterplot of the scores for the fi rst two PCs. The distribution of the scores is symmetric under 
refl ection about the vertical axis. Boxes show the shapes that correspond to the data points at the respective 
arrowhead (solid circles and lines) in comparison to the overall mean shape (open circles and dashed lines). 
Each point in the plot corresponds to two copies of the same cell’s landmark confi guration, which differ by a 
refl ection about the left-right axis (see text for details). Note that the boxes in the upper-left and lower-right 
corners of the diagram relate to the same cell; they differ by a refl ection about the juvenile-adult axis, which 
is picked up by the PC1 but not the PC2 axis.
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Discussion

In this paper, we have presented a new and general method for the analysis of shapes with complex 
symmetries and have applied it to study a sample of cells of Micrasterias rotata. The method 
can distinguish four components of variation according to their types of symmetry, which can 
be readily interpreted in relation to the biology of the cells under study (e. g., Meindl 1993). 
Our results suggest that differences between juvenile and adult semicells account for the bulk of 
morphological variation (62.3 % of the total variance), which is more than twice as much as the 
variation among cells (25.8 % of the total variance) and ten times more than the variation between 
left and right sides of cells (6.1 % of the total variance).

Fig. 5. Scatterplot of the scores for the fi rst and third PCs. The distribution of the scores is symmetric under 
rotations of order 2 about the origin of the coordinate system. Boxes show the shapes that correspond to 
the data points at the respective arrowhead (solid circles and lines) in comparison to the overall mean shape 
(open circles and dashed lines). Each point in the plot corresponds to two copies of the same cell’s land-
mark confi guration, which differ by a refl ection about the left-right axis (see text for details). The boxes in 
the upper-left and lower-right corners of the diagram as well as the boxes in the upper-right and lower-left 
corners relate to the same cell, respectively. The shapes in the two boxes of each pair differ by a refl ection 
about the juvenile-adult axis, which is picked up by both the PC1 and the PC3 axis.
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The dominant role of the morphological differences between adult and juvenile semicells is 
underscored by the PC1, which accounts for nearly half of the shape variation on its own (Fig. 
3A). Because the analysis considers the shape of the whole cells, variation in the relative sizes of 
the juvenile and adult semicells is a feature of overall shape, and is likely to be responsible for 
the dominance of the PC1. This PC represents the main shape change that is associated with cell 
growth and, due to the association between this shape change and the size differences between 
semicells, it can be interpreted as growth allometry within a single cell. The shape change as-
sociated with the PC1, in addition to the difference in relative size between the adult and juvenile 
semicells, is mainly an elongation of the polar lobe and a deepening of the incisions between the 
lobes in the adult semicell relative to those in the juvenile semicell, as well as a slight bending of 
the boundary between the two semicells toward the juvenile semicell (Fig. 3A). These patterns 
correspond to changes that can be observed directly during growth (Lacalli 1975).

The allometry of whole cells focuses on the slightly different question whether the shape of 
entire cells is associated with size. It can be studied with a multivariate regression of the sym-
metric component of shape variation on the centroid size of the whole cell. The associated shape 
change consists of a deepening of the incisions between the lobes, whereas the polar lobes become 
narrower and more elongate (Fig. 6B). This allometry is therefore quite similar to the contrast of 
shape changes between for the juvenile and adult semicells in the PC1 (Fig. 3A). The two types 
of allometry, which correspond to ontogenetic and static allometry, are therefore similar.

Similarly, Neustupa et al. (2008) used the same strain to study the allometry of adult semicells 
in the context of size differences between cells cultured at different temperatures. They analyzed 
allometry with a multivariate regression of the symmetric component of shape (in respect to re-
fl ection about the left-right axis) on centroid size and found allometric shape changes that were 
similar to those reported here. Neustupa et al. (2008) interpreted them in relation to a trade-off 
for stabilizing the surface-to-volume ratio of the cell. For any constant cell shape, the surface-
to-volume ratio decreases with increasing cell size. For large cells, a shape change that deepens 
the incisions between lobes and extends the polar lobes will tend to increase the surface of the 
cells and thus increase their surface-to-volume ratio. Therefore, the deepening of the incisions 

Fig. 6. Allometry of Micrasterias rotata cells for the completely symmetric component of shape variation. 
A. Shape scores obtained from the multivariate regression plotted against centroid size. B. Shape change 
associated with allometry. The differences between the symmetric consensus (open circles and the dotted 
lines) and the other confi guration (solid circles and solid lines) represent the predicted shape change cor-
responding to an increase of centroid size of 20 micrometers.
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between lobes and the extension of the polar lobes may be an adaptive mechanism for stabilizing 
the surface-to-volume ratio of Micrasterias rotata semicells (Neustupa et al. 2008).

Other morphometric methods have also been applied to the study of complex symmetry in 
biological structures. For instance, Frey et al. (2007) suggested an approach for the analysis of 
rotational symmetry, but this framework is limited to the study of one landmark per repeated 
sector. Potapova & Hamilton (2007) published a method for shape analysis of diatoms that are 
symmetric relative to two perpendicular axes of symmetry. They used an original confi guration 
of landmarks for the entire diatom and produced four transformed copies of it by applying refl ec-
tions with the landmarks appropriately relabelled for each transformed copy. In fact, Potapova & 
Hamilton (2007) applied the four symmetry transformations that constitute the symmetry group. 
The original confi guration represents the identity, there is the refl ection about the vertical axis, 
the refl ection about the horizontal axis that is equivalent to the refl ection about the vertical axis 
combined with rotations by 180°, and two successive refl ections about the two axes that correspond 
to rotations by 180° (Fig. 2). Their approach is identical to the method we used for Micrasterias 
rotata and is a special case of our general framework.

In this paper, we used a new comprehensive method for shape analysis of symmetry and allom-
etry in Micrasterias rotata cells that exhibit complex symmetry. Our study revealed interesting 
patterns of symmetric and asymmetric shape variation related to size of the cells. In particular, 
we used the specifi c mode of growth in Micrasterias rotata to study two types of allometry: 
ontogenetic allometry within cells that indicate shape changes associated with growth between 
juvenile and adult semicells and static allometry among cells that reveal shape variation related 
to size for the whole cell. These approaches can be applied to the study of other interesting sym-
metries and growth in other algae (e. g., rotational symmetry in the arrangement of cells in many 
colonial algae such as Volvox aureus).

Acknowledgements

The authors would like to thank the organizers of the Seventh International Chrysophyte Sympo-
sium for their extremely kind support, in particular Peter Siver, Jim Wee and Anne Lizarralde. Jim 
Rohlf, Peter Siver, and two anonymous reviewers also provided useful comments and suggestions 
on an earlier draft of this manuscript. This work was partly funded by a UK studentship for Y. S. 
from Biotechnology and Biological Sciences Research Council (BBSRC).

References

Drake, A.G. & C.P. Klingenberg (2008): The pace of morphological change: historical transformation of 
skull shape in St Bernard dogs. – Proc. R. Soc. Lond. B Biol. Sci. 275: 71–76.

Dryden, I.L. & K.V. Mardia (1998): Statistical Shape Analysis. – Wiley, Chichester. 
Frey, F.M., A. Robertson & M. Bukoski (2007): A method for quantifying rotational symmetry. – New 

Phytologist. 175: 785–791.
Good, P. (2000): Permutation tests: a practical guide to resampling methods for testing hypotheses. – Springer, 

New York.
Klingenberg, C.P., M. Barluenga & A. Meyer (2002): Shape analysis of symmetric structures: Quantifying 

variation among individuals and asymmetry. – Evolution. 56: 1909–1920. 
Klingenberg, C.P. (2008): MorphoJ: Faculty of Life Sciences, University of Manchester, UK. http://www.

fl ywings.org.uk/MorphoJ_page.htm.
Kolamunnage, R. & J.T. Kent (2003): PCA for Shape Variation About an Underlying Symmetric Shape. – In: 

Aykroyd R.G., Mardia K.V. & Langdon M.J. (ed): Stochastic Geometry, Biological Structure and Images: 
137–139. University of Leeds, Leeds.

Nova-Hed_136_Buch.indb   53 27.04.10   12:41



54 Y. Savriama et al.

Lacalli, T.C. (1975): Morphogenesis in Micrasterias II. Patterns of morphogenesis. – J. Embryol. Exp. 
Morph. 33: 117–126.

Mardia, K.V., F.L. Bookstein & I.J. Moreton (2000): Statistical assessment of bilateral symmetry of shapes. 
– Biometrika. 87: 285–300.

Meindl, U. (1993): Micrasterias cells as a model system for research on morphogenesis. – Microbiol. Rev. 
57: 415– 433. 

Monteiro, L.R. (1999): Multivariate regression models and geometric morphometrics: the search for causal 
factors in the analysis of shape. – Syst. Biol. 48: 192–199.

Neustupa, J., ŠÈastný, J. & L. Hodaã (2008): Temperature-related phenotypic plasticity in the green microalga 
Micrasterias rotata. – Aquat. Microb. Ecol. 51: 77–86. 

Potapova, M. & P.B. Hamilton (2007): Morphological and ecological variation within the Achnanthidium 
minutissimum (Bacillariophyceae) species complex. – J Phycol. 43: 561–575.

Rohlf, F.J. (2006): tpsDig, digitize landmarks and outlines, 2.05: Department of Ecology and Evolution, 
State University of New York at Stony Brook. http://life.bio.sunysb.edu/morph/index.html

Rosen, J. (1975): Symmetry Discovered. – Cambridge University Press, Cambridge.
SAS system for Windows Version 9.1.3. Computer Program. Cary, NC: SAS.
Savriama, Y. & C.P. Klingenberg (2006): Geometric morphometrics of complex symmetric structures: Shape 

analysis of symmetry and asymmetry with Procrustes methods. – In: Barber, S., Baxter P.D., Mardia K.V. 
& R.E. Walls (ed): Interdisciplinary Statistics and Bioinformatics: 158–161. Leeds University Press, Leeds.

Savriama, Y. & C.P. Klingenberg (subm.): Beyond bilateral symmetry: Geometric morphometric methods 
for any type of symmetry.

Weyl, H. (1952): Symmetry. – Princeton University Press, Princeton.

Nova-Hed_136_Buch.indb   54 27.04.10   12:41




