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* Background and Aims The relative contributions of inter- and intraspecific variation to phytolith shape and
size have only been investigated in a limited number of studies. However, a detailed understanding of phytolith
variation patterns among populations or even within a single plant specimen is of key importance for the correct
taxonomic identification of grass taxa in fossil samples and for the reconstruction of vegetation and environmental
conditions in the past. In this study, we used geometric morphometric analysis for the quantification of different
sources of phytolith shape and size variation.

* Methods We used landmark-based geometric morphometric methods for the analysis of phytolith shapes in
two extant grass species (Brachypodium pinnatum and B. sylvaticum). For each species, 1200 phytoliths were ana-
lysed from 12 leaves originating from six plants growing in three populations. Phytolith shape and size data were
subjected to multivariate Procrustes analysis of variance (ANOVA), multivariate regression, principal component
analysis and linear discriminant analysis.

* Key Results Interspecific variation largely outweighed intraspecific variation with respect to phytolith shape.
Individual phytolith shapes were classified with 83 % accuracy into their respective species. Conversely, variation
in phytolith shapes within species but among populations, possibly related to environmental heterogeneity, was
comparatively low.

e Conclusions Our results imply that phytolith shape relatively closely corresponds to the taxonomic identity of
closely related grass species. Moreover, our methodological approach, applied here in phytolith analysis for the
first time, enabled the quantification and separation of variation that is not related to species discrimination. Our
findings strengthen the role of grass phytoliths in the reconstruction of past vegetation dynamics.

Key words: Phytolith analysis, intraspecific variation, landmark-based geometric morphometrics, generalized

Procrustes superimposition, paleoecology, Brachypodium pinnatum, Brachypodium sylvaticum.

INTRODUCTION

The analysis of microfossil silica phytoliths is becoming an
increasingly important research tool in paleoecology and
archeobotany (Piperno, 2006; Hart, 2016; Stromberg et al.,
2018). Phytoliths are formed in plant tissues as a result of the pre-
cipitation of monosilicic acid (H,Si0,) taken from soil water by
roots, and are thought to function either as a structural support or
in alleviation of ecological stresses (e.g. defence against herbi-
vores and pathogen resistance) (e.g. Epstein, 2009; Cooke et al.,
2011; Stromberg et al., 2016; Katz, 2019). After being released
from decaying plant material, phytoliths persist in a broad spec-
trum of sedimentary conditions (Piperno, 2006). Thus, due to
their proven taxonomic relevance, phytoliths have been applied
in various reconstructions of long-term vegetation dynamics
(e.g. Delhon et al., 2003; Neumann et al., 2009; Barboni et al.,
2010; McCune et al., 2015), usually represented by the vegeta-
tion type (or plant functional units) proportions (e.g. savannah/
forest or grasses/woody plants ratios). A considerable number

of investigations have been focused mainly on grass-dominated
ecosystems (Alexandre et al., 1997; Fredlund and Tieszen,
1997; Blinnikov et al., 2002; Stromberg et al., 2007; Evett and
Bartolome, 2013; Evett and Cuthrell, 2013), since grasses are
particularly silica rich with diagnostic phytolith shapes (Prychid
et al., 2003; Schoelynck et al., 2010; Katz, 2015). Surprisingly,
only little is known about the relative importance of various fac-
tors influencing the observed variation in grass phytolith shape
and size (Ball and Brotherson, 1992; Whang et al., 1998; Out
and Madella, 2016, 2017; Zhang et al., 2018).

There are, apparently, multiple sources of phytolith shape
and size variation in grasses. One is the result of phylogeny.
Numerous studies have demonstrated varying phytolith morph-
ology among taxa at the level of different subfamilies, tribes,
genera or, in a few cases, even individual species (e.g. Metcalfe,
1960; Twiss et al., 1969; Renvoize, 1987; Mulholland and Rapp,
1992; Lu and Liu, 2003; Fahmy, 2008; Out and Madella, 2016).
The close relationship between phytolith shape and the phylo-
genetic position of a species applies particularly to grass silica
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short cell (GSSC) phytoliths, where silica deposition occurs as
a result of a genetically determined active process taking place
in viable cells (e.g. Hodson et al., 2005; Kumar et al., 2017).
Furthermore, grass inflorescence phytoliths can be used as an
effective tool for discriminating between species (Rosen, 1992;
Ball et al., 1999; Portillo et al., 2006; Ge et al., 2018; Zhang
et al., 2018). Environmental conditions have also been reported
as another possible source of variation in both phytolith size
and their concentration in plant tissues (Tsartsidou et al., 2007;
Madella et al., 2009; Katz et al., 2013; Liu et al., 2016) (the
implications of this for the application of phytolith analysis in
archaeology, etc., were also discussed in Shillito et al., 2013),
but several studies have argued for the dominant role of phylo-
genetic distance in determining phytolith shape variation (Ball
and Brotherson, 1992; Out and Madella, 2016). However, for
the precise taxonomic identification of grasses, and thus for the
reconstruction of past vegetation and environmental conditions
in more detail, an understanding of how the grass phytolith
shape and size vary among populations or even within a single
specimen is of key importance.

Intraspecific variation in phytolith shape and size has sev-
eral sources on different scales. For example, variation between
populations of the same species may have resulted from different
environmental conditions experienced by individual plants, but
could also have been influenced by differences between geno-
types. Previous studies have not only shown that various phyto-
liths occur in different plant parts (e.g. Ball et al., 1993; Lu et al.,
2009) but also that the top and the base of a single leaf may differ
in frequency of different phytolith morphotypes (Mulholland
et al., 1988). Phytolith variation amongst leaves may be influ-
enced by the ages of individual leaves, e.g. older leaves may carry
more mature phytoliths than younger ones — similarly to apical
(older in grasses) leaf parts compared with basal (younger) parts
of the same leaf (Kumar ez al. 2017). This particularly applies
to grasses, where the high variation of phytolith shape within
leaves plausibly corresponds to the shape variation of GSSC (e.g.
Rudall et al., 2014; Kumar et al., 2017). The phytoliths produced
within GSSC would then possibly be typified by a continuous
variation of their shape characteristics.

The standard methods used in phytolith analysis are based
on the qualitative identification of pre-defined morphotypes
{International Code for Phytolith Nomenclature 2.0
[International ~Committee for Phytolith Taxonomy
(ICPT), 2019]}, and do not reflect continuous variation in
phytolith shape (although measurements of shape and size
may be included). The transitional forms, which do not fit into
any defined category, are neglected, or the researchers need
to define many different subgroups to capture their subtle
shape variations. The challenges facing this typological ap-
proach have been discussed in several studies (e.g. Rovner,
2004): (1) similar phytolith morphotypes occur across dif-
ferent species; (2) the complex morphological variation of
phytolith shape is reduced to a limited number of subjective
morphotypes with vague boundaries between them; and
(3) the application of phytolith morphotype nomenclature
is inconsistent between various studies. Here, the morpho-
metric approach seems crucial to disentangle the sources
of variation in phytoliths, as it can facilitate the quantita-
tive analysis of both the shape and size variation based on
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measurements of certain morphometric parameters of size
and shape (Rovner and Russ, 1992; Ball et al., 2009, 2016;
Out et al., 2014; Out and Madella, 2016, 2017). In the case
of high intraspecific variation, for example between popula-
tions, interspecific differences may be concealed. However,
morphometric analysis has proven to be a valuable tool for
distinguishing between phytoliths produced by different,
sometimes even closely related species: wheat and barley
(Ball et al., 1996, 1999), oat (Portillo et al., 2006) and millet
species (Out and Madella, 2016; Ge et al., 2018; Zhang
et al., 2018). More sophisticated geometric morphometric
methods (GMMs) could bring further advances in phytolith
analysis and provide levels of taxonomic accuracy which are
usually not achieved by traditional approaches (Evett and
Cuthrell, 2016; Portillo et al., 2019). A key characteristic of
GMMs is that the geometric relationships of studied objects
are captured and preserved throughout the subsequent ana-
lyses (e.g. Zelditch et al., 2012). A large amount of informa-
tion about phytolith shape can be obtained from one sampled
outline compared with traditional morphometric approaches,
and the variation in phytolith size can be subjected to subse-
quent analyses. Graphical representations resulting from the
analyses also enable the exploration of the phytolith shape
morphospace.

In this study, we aimed to decompose different sources of
phytolith shape and size variation and to evaluate their rela-
tive importance in two closely related grass species of tribe
Brachypodieae, subfamily Pooideaec. We analysed relative
proportions of variation explained by differences between (1)
species, (2) populations, (3) individual plants, (4) leaves and,
finally, (5) segments of leaves. We also asked whether younger
and older leaves of the same plant (and even the younger and
older parts of the same leaf) differed in their phytolith shape and
size. The chosen taxa were the light-demanding, dry-tolerant
heath false brome (Brachypodium pinnatum), which grows
mainly in grassland habitats, and the shade-tolerant wood false
brome (B. sylvaticum), growing preferentially in forests.

We used landmark-based GMMs (e.g. Zelditch et al., 2012;
for more details, see the Materials and Methods). To our know-
ledge, the landmark-based approach has never been applied to
phytoliths. This may stem from the fact that phytoliths are often
considered as objects without any readily identifiable or fixed
landmarks. Indeed, phytolith outlines do not have many ‘ana-
tomical’ features that can be used for defining fixed landmarks.
However, semi-landmarks, a series of points along the outline
which can be slid to achieve corresponding positions according
to a chosen criterion (Bookstein, 1997; Gunz and Mitteroecker,
2013), can be used in this situation and were employed in the
present study using a methodology generalized for objects
with biradial symmetry (Savriama et al., 2010; Savriama and
Klingenberg, 2011).

MATERIALS AND METHODS

Material

The study included three populations of two closely related
grass species (Brachypodium pinnatum and B. sylvaticum)
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collected in the field at various localities in the Czech
Republic and Poland (see Supplementary data Table S1). We
collected two individuals per population, keeping several
(5-10) metres distance between them. On each site, we re-
corded the species composition of surrounding vegetation to
assess, based on the species demands, the approximate envir-
onmental conditions (using the Ellenberg indicator values;
Chytry et al., 2018).

Plant material processing

Plant material was processed following the in situ charring
method of Kumar ef al. (2017). This method preserves the ori-
ginal phytolith position within the plant epidermis and allows
the analysis of phytoliths in specific leaf parts. Two leaves per
plant were sampled: the oldest leaf (basal leaf) was labelled
leaf 1 and the youngest leaf was labelled leaf 2. Leaves were
cleaned in an ultrasonic cleaner (Digital Ultrasonic Cleaner
CE-7200A). The grass leaf epidermal cell division zone is re-
stricted to the base of the developing leaf and, when the newly
divided cells elongate, they push the older cells upwards
(Skinner and Nelson, 1995). Thus, we sampled the basal (the
younger segment 1) and upper (the older segment 2) parts.
Segments of leaves were laid on a glass slide (with random
orientation regarding abaxial-adaxial leaf sides). Small pieces
of folded aluminium foil were placed near the two shorter sides
of the slide. Another glass slide was placed on top of the slide,
holding the sample in place. We put the slides into a muffle
furnace at 330 °C for 3 h. The aluminium foil between the
slides prevented the slides from sticking together. We washed
the slides containing burnt material with 1 N HCI and distilled
water (using a pipette). After the slides dried, we covered plant
material placed on the bottom slide with one drop of a 15 %
solution of glycerol and then replaced the cover slide. We then
subjected the slides to transmission light microscopy (Leica
DM 1000 LED).
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Phytolith morphotype counts

Additionally, one leaf per population was prepared to ob-
tain traditional phytolith morphotype counts that characterize
the species under study. Leaves were cleaned in an ultrasonic
cleaner (Digital Ultrasonic Cleaner CE-7200A), then placed
in ceramic crucibles and charred in the muffle furnace at
500 °C for 4 h, following Albert et al. (1999). Samples were
subjected to transmission light microscopy (Leica DM 1000
LED). Phytoliths were classified morphologically according
to their shape, following the International Code for Phytolith
Nomenclature 2.0 [International Committee for Phytolith
Taxonomy (ICPT) 2019]. Three GSSC phytolith morphotypes,
named bilobate, polylobate and rondel, were observed and
counted in both species under study (see Supplementary data
Table S2).

Data acquisition

Sequential microphotographs of rows of GSSC phytoliths
in charred epidermis were acquired under x400 magnifica-
tion (Leica camera ICC50 W; Fig. 1A-D). For each individual
phytolith image (2400 in total), 100 two-dimensional points
were digitized. First, two fixed landmarks were placed at the
phytolith edges (Fig. 1E). We took into consideration the orien-
tation of the phytolith towards the longest axis of the leaf and
placed landmarks on the phytolith edges perpendicular to the
longest axis of the leaf. Then, 49 equidistant points were placed
along both outline halves, resulting in 98 points which were
treated as semi landmarks in the subsequent geometric mor-
phometric analysis. This approach was unambiguously applied
to bilobates and polylobates, whereas rondels, positioned from
the upper view in leaf epidermis, had no identifiable landmarks
and were not analysed. Digitization was carried out using the
semi-automated background curves tool in TpsDig, ver. 2.31
(Rohlf, 2015). Equidistant positions of semi-landmarks along

FiG. 1. Microphotographs of in situ charred grass epidermis showing phytolith shape morphology variation in Brachypodium pinnatum (A, B) and Brachypodium
sylvaticum (C, D). Phytolith with digitized landmarks (E): two fixed landmarks (red points) and 98 equidistant semi landmarks (49 points along both halves of the
phytolith) (blue curves).
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the outlines relative to the positions of the fixed landmarks
were obtained using the digit.curves function in the geomorph
package, ver. 3.0.5 (Adams and Otarola-Castillo, 2013),
in R, ver. 3.4.4 (R Core Team, 2018) (for more details, see
Supplementary data Table S3).

Data analysis

Generalized Procrustes analysis (GPA) of phytoliths with
biradial symmetry. Geometric morphometric analysis was
performed on a data set of 2400 phytolith configurations, each
consisting of 100 equidistant semi-landmark coordinates. The
GPA, which minimizes the sum of squared distances between
corresponding landmarks to extract shape data by removing the
extraneous information of size, location and orientation, was
applied (e.g. Zelditch et al., 2012; Dryden and Mardia, 2016).
GPA involved an additional step, allowing the semi-landmarks
to slide iteratively along the outline tangents so that their final
position yielded the smoothest possible deformation of the ac-
tual configuration from the mean shape configuration of the
analysed data set. This position is characterized by the lowest
possible bending energy between the mean shape and each
configuration (Bookstein, 1997; Pérez et al., 2006). The central
points in both apical parts of the phytolith sides were treated as
fixed landmarks, and 49 points in between along each side of
the analysed objects were treated as semi landmarks.

To achieve correspondence of all phytolith configurations
under study, we applied GMMs for the analyses of biradial
symmetry (Savriama et al., 2010; Savriama and Klingenberg,
2011; Neustupa, 2013). Original phytolith configurations were
transformed and relabelled, and then subjected to GPA (Fig. 2;
Supplementary data Table S3). The resulting multiplied data set
consisted of Procrustes co-ordinates of original configurations
and transformed and relabelled copies (a reflected copy about
the horizontal adaxial-abaxial axis; a reflected copy about
the vertical left-right axis; and a copy reflected about both
axes) (Savriama and Klingenberg, 2011; Klingenberg, 2015;
Savriama, 2018). By averaging of the original configuration
and transformed copies of each specimen, we obtained the
consensus (mean) phytolith configurations, which were sym-
metric and thus invariant under all transformations (Fig. 2C;

Original configuration of semi-landmarks
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Supplementary data Table S3). The GPA was conducted using
the procGPA function in the geomorph package, ver. 3.0.5 and
the shapes package, ver. 1.2.3 in R, ver. 3.4.4 (R Core Team,
2018).

Quantification of components of symmetric and asymmetric
variation. Subsequently, principal component analysis (PCA)
was conducted on the superimposed Procrustes co-ordinates
of the data set consisting of all the original configurations and
their transformed copies. This PCA separated components of
symmetric shape variation (variation between consensus con-
figurations) from three components of asymmetry (asymmetry
under reflection in the adaxial-abaxial direction, asymmetry in
the left-right direction and asymmetry regarding both these axes)
(Savriama et al., 2010; Klingenberg, 2015). The proportion of
variation in sub-spaces of total symmetry and three asymmetric
patterns were quantified by summing up the percentages of vari-
ance explained by PCs belonging to a given sub-space. The PCA
was conducted in the geomorph package ver. 3.0.5 (Adams and
Otarola-Castillo, 2013) in R, ver. 3.4.4 (R Core Team, 2018). The
most important axes spanning symmetric and asymmetric vari-
ation in the shape of individual species were illustrated by de-
formation grids in PAST, ver. 3.20 (Hammer er al., 2001).

Quantification of different sources of shape and size
variation. Different sources of the shape and size variation
among phytoliths were quantified by Procrustes analysis of
variance (ANOVA) of the consensus configurations and cen-
troid sizes (e.g. Klingenberg, 2015). Data were analysed in a
nested structure that was reflected by the Procrustes ANOVA
models, with species as the main effect and populations, plants,
leaves and segments of leaf as random nested effects. The
nested structure of the data required the appropriate construc-
tion of the F-ratios in the model; thus, the mean squares (MS)
of the main effect of ‘species’ were divided by the MS of the
nested factor, i.e. population. Likewise, the MS of ‘population’
were divided by the MS of ‘plants’ to yield the F-ratio for the
‘population’ factor, etc. The P-values denoting level of signifi-
cance of the effects in the model were established by comparing
F-values obtained for each factor with those obtained by 999
random permutation of the shape and size data.
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Exploration of morphospace of Brachypodium species and
classification of species based on their phytolith shape. The
PCA was performed on the consensus phytolith configurations,
and shape variations associated with individual PCs were illus-
trated by deformation grids. To test whether individual phyto-
liths can be assigned to one of two pre-defined species groups,
linear discriminant analysis (LDA) was conducted in order to
discriminate between species based on phytolith shape. From
multiple measures on two different species, LDA seeks a linear
combination (the discriminant function) that maximizes the
ratio of the between-group sum of squares to the within-group
sum of squares (e.g. Mitteroecker and Bookstein, 2011). A spe-
cimen with unknown group affiliation can be assigned to one
or the other of the two groups based on its score for this linear
combination. Here, variables (Procrustes co-ordinates) were re-
duced by PCA of the consensus phytolith shape variation prior
to LDA. Thus, LDA was based on the first 34 PCs (each com-
ponent explaining >0.001 % of total variation). The analysis
yielded the discriminant function which, applied to the data set
again, resulted in the proportion of correctly classified (or mis-
classified) individual phytoliths. Both PCA and LDA were con-
ducted in PAST, ver. 3.20 (Hammer et al., 2001).

RESULTS

Decomposition of symmetric and asymmetric variation in
phytolith shape

The PCA of the multiplied data set yielded PCs which were
further partitioned into several groups of components bearing
either symmetric or asymmetric shape variation (Fig. 3). The
first group of PCs, associated exclusively with symmetric shape
variation (between the consensus phytolith configurations), ac-
counted for 68.7 % of the total variation of the data set. For
example, the shape variation associated with PC1 differentiated
between phytoliths with three (or more) deeply incised lobes
against shapes with just two shallow lobes in opposite direc-
tions. The second group of PCs, associated with asymmetric
shape variation, accounted for 26.1 % of the total variation.
Thus, the PCA results indicated that phytolith shape variation
consisted mainly of symmetric variation. Therefore, in the
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Fi1G. 3. Proportion of phytolith shape variation in the multiplied data set along

principal components (PCs). Each of ten PCs is associated with either sym-

metric or asymmetric shape variation. PC1, symmetric component; PC2, asym-

metry under reflection about either of the two axes but symmetric by 180°

rotation; PC4, asymmetry under reflection about the adaxial-abaxial direction

with left-right symmetry; PC9, asymmetry in the left-right direction but with
adaxial-abaxial symmetry.
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following analyses of phytolith shape, we took into consider-
ation only the data set of the consensus phytolith configurations.

Inter- and intraspecific variation in both the shape and size of
phytoliths

Different sources of inter- and intraspecific variation ac-
counted for 49 % of the total variation in phytolith consensus
shape (Fig. 4; Supplementary data Table S4), with interspe-
cific variation being the most pronounced (34 %, P =0.001).
Intraspecific variation was, on the other hand, considerably
lower (15 %). The variation among different populations of
the same species accounted for just 2.7 % of total variation,
whereas differences among individual samples spanned about
3.1 % of total variation. The variation among individual plants
and leaves was slightly higher (4.3 and 4.9 % of total variation,
respectively). In addition, we related intraspecific variation in
phytolith shape with phases of plant ontogeny. Specifically, we
tested the variation between younger and older leaves and be-
tween younger and older parts of the leaves. The overall vari-
ation in shape relating to plant ontogeny was very low (2.0 %).
However, phytoliths were slightly elongated in older leaves
(Supplementary data Tables S5 and S6).

We also evaluated different sources of variation in phytolith
size (Fig. 4; Supplementary data Table S7). Together, different
sources of inter- and intraspecific variation in phytolith size ac-
counted for 48 % of total variation in the data set. However,
concerning interspecific variation, the variation in phytolith
size was considerably lower (18 %) than variation in phytolith
shape (34 %, see above). Overall, in phytolith size, intraspe-
cific variation was higher compared with interspecific vari-
ation (28 and 18 %, respectively), with the variation among
populations of the same species being lower (4.8 %) than the
variation between individual samples (4.9 %) and leaves (6.6
%). The highest variation in phytolith size was between indi-
vidual plants of the same species (11.9 %). The variation in
size relating to plant ontogeny was very low (2.4 %); however,
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F1G. 4. Proportion of inter- and intraspecific variation in phytolith shape (left)

and size (right). In shape, interspecific variation (34 %) outweighed total

intraspecific variation (15 %), while in size, interspecific variation was lower

(18 %) compared with total intraspecific variation (28 %), with the highest

variation between plants (12 %). Therefore, phytolith shape was crucial for
discriminating between the species.
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phytoliths were slightly bigger in older leaves (Supplementary
data Tables S8 and S9).

The exploration of phytolith morphospace of
Brachypodium species

The PCA uncovered the most pronounced variation in phyto-
lith consensus shapes. According to the PCA performed on
symmetric variation of the consensus configurations, the first
two PCs explained >93 % of the total variation (Fig. 5). Along
PC1 (explaining 87.8 % of the total variation), phytoliths varied
between elongated shapes with three (or more) deeply incised
lobes (polylobates associated mainly with B. sylvaticum), and
shorter, almost equidimensional, shapes with two lobes on op-
posite sides (bilobates associated mainly with B. pinnatum).
Along PC2 (explaining 5.3 % of the total variation), phytolith
shape varied between elongated outlines with two deeply in-
cised lobes and shorter shapes without distinct lobes on the
opposite sides. The variation along PC2 was noticeably higher
for positive values of PC1, where mainly bilobates occurred;
the variation in polylobates, for negative values of PC1, was
considerably more uniform. The phytoliths with two, distinctly
incised lobes occurred mainly around the centre of the diagram
(particularly for positive values of PC2), displaying a shape
shared by both species (neither elongated nor short).

Classification of phytoliths from Brachypodium species

Based on the previous results, we tried to classify the two
studied Brachypodium species solely according to their con-
sensus phytolith shapes. The LDA, based on 34 PCs, led to
83 % of classifications of individual phytoliths being correct;
B. pinnatum was correctly classified in 85 % of cases and
B. sylvaticum in 81 % of cases (Fig. 6). Misclassification of
some phytoliths (17 % of cases) was due to the fact that the
species partly overlapped in their phytolith shapes; in other
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words, some shapes were more redundant than the others. For
each species, we identified the most informative phytolith con-
sensus shapes, with respect to their identification, which were
those being the most common in a given species and having
a relatively low proportion of misclassifications at the same
time (Fig. 6). This is in accordance with the results of trad-
itional morphotype counts, which showed a higher frequency of
polylobates in B. sylvaticum, and bilobates in B. pinnatum (see
Supplementary data Table S2).

DISCUSSION

Summary

In this study of two grass species, we showed that interspecific
variation largely outweighed intraspecific variation with respect
to phytolith shape. This implies that, at least in some cases, vari-
ation in phytolith shape may be crucial in discriminating be-
tween species. Our outline analysis — based on semi-landmark
Procrustes superimposition — was applied to phytoliths for
the first time. It enabled the evaluation of different sources of
phytolith shape variation and subsequently the classification of
phytoliths of both grass species.

Application of geometric morphometric methods in phytolith
analysis

We encountered one of the major issues of the typological
approach — specifically, that similar phytolith morphotypes
occur across different species (redundancy) — when we found,
in our pooid Brachypodium species, bilobates and polylobates
which are commonly ascribed to panicoids (Twiss et al., 1969,
1992; Fredlund and Tieszen, 1994; Bremond et al., 2005). We
acknowledge that the problem of morphotype redundancy could
be overcome by defining various sub-categories using detailed
descriptions (e.g. Fahmy, 2008; Barboni and Bremond, 2009).
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species and had a relatively low proportion of misclassifications at the same
time.

However, the use of additional descriptors compounds the
issue of consistency among laboratories and hampers the com-
parison of results. In this study, we attempted to build on efforts
to overcome this problem by utilizing landmark-based GMMs
(and semi-landmark Procrustes superimposition in particular).
Compared with the morphometric parameters that are tradition-
ally used, GMMs capture the whole geometry of a phytolith
and retain this information throughout subsequent analyses
(Adams et al., 2013).

It should be noted that the Procrustes superimposition of
phytolith shapes may not be universally applicable to all known
morphotypes occurring in natural samples. The Procrustes
registration critically relies on the point-to-point correspond-
ence of individual semi landmarks among the analysed speci-
mens. Even in the situation where an entire outline of a studied
specimen is taken as a single curve spanned by a series of
equidistant semi landmarks, there is a necessity for a starting
point, the position of which needs to correspond biologic-
ally across specimens. As shown in this study, in phytoliths
with symmetric 2-D shapes, there may be two or more fixed
points delimiting individual symmetric curves. These points
are typically derived from the orientation of phytoliths within
plant tissue (we note that this does not imply that the whole
epidermis must be preserved to unambiguously place land-
marks on fossil phytoliths; however, some knowledge about
phytolith orientation within plant tissue is required). Besides
bilobates and polylobates, this applies to the long row of add-
itional morphotypes such as saddles, crenates, trapezoids and
complex forms of elongates from grass inflorescence bracts.
However, phytoliths that do not bear any such corresponding
points, such as those classified into rondel or spheroid groups,
would be unsuitable for a clear-cut morphometric analysis by
GPA. In these cases, correspondence among the specimens
can only be achieved by purely geometric registration, such as
that based on the ellipse of the first harmonic function of el-
liptic Fourier analysis (Kuhl and Giardina, 1982). Such ana-
lysis can then involve a variety of phytolith shapes that can be
successfully distinguished among groups (Cai and Ge, 2017),
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though, obviously, it cannot involve any separation of sym-
metric and asymmetric components due to a lack of corres-
pondence among the outlines. This appeared especially useful
in this study, where our results provoked a greater interest in
symmetric variation in subsequent analyses, particularly with
respect to discriminating between species. However, we rec-
ommend testing the relevance of asymmetric variation (e.g. for
studying the relationships between phytolith asymmetry and
environmental conditions).

‘Quasi-horseshoe’ pattern in geometric morphometric data

Recently, it has been pointed out that in geometric morpho-
metric data with high dimensionality (such as the dense series
of semi-landmarks used in this study), PC2 usually contracts
the middle of the shape variation series (typically spanned by
PC1) with both of its ends (Polly and Motz, 2016). This leads
to seemingly ‘horseshoe’-shaped ordination plots of these two
PCs. This pattern is invariably produced by high dimensional
GMM data, even if the co-ordinates are modelled by Brownian
motion random walks (Polly and Motz, 2016). In fact, it was
shown that the predictability of this effect increases with the
number of variables, such as the number of semi-landmarks
along the analysed outlines (Bookstein, 2013), and in analyses
of data involving any gradational series, such as segmental
structures (Bastir ef al., 2019). Obviously, this might also have
been the cause of the similar pattern produced by PC1 and PC2
in our analysis. However, it should be pointed out that this phe-
nomenon does not invalidate the morphospace structure rep-
resented by PCA (Polly and Motz, 2016), because the shape
distances among the specimens are preserved in the multidi-
mensional shape space represented by a sequence of multiple
PCs. Conversely, any use of ‘corrections’ to this phenomenon,
such as detrended correspondence analysis, would lead to un-
desirable distortions of the shape space. However, it should
be stressed that subsequent morphospace analyses have to use
multidimensional data contained in the series of multiple PCs
representing the true pattern of the shape differences among
specimens (Polly and Motz, 2016), which is what we used in
LDAs conducted in the course of our analyses.

Intraspecific variation in phytolith shape and size

In the current study, we only compared two grass species
in order to demonstrate our approach on a simplified system.
Nevertheless, we paid special attention to different sources
of intraspecific variation in phytolith shape and size and used
geometric morphometrics to quantify them in a large data
set of 2400 phytoliths. According to our results, intraspecific
variation in phytolith consensus shapes was much lower than
interspecific variation (while in the case of phytolith size, intra-
specific variation was slightly higher than the interspecific
kind). Surprisingly, we observed that phytolith shape and size
varied the least between populations. In addition, the variation
explained by the ages of leaves or their parts was also very
low in both phytolith shape and size (no more than 2.4 % of
explained variation), although phytoliths in older leaves were
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significantly larger than those in younger leaves. This agrees
with the previous study by Rovner and Russ (1992) showing
that phytolith shape and size are not affected by the location
of phytoliths within leaves. However, the relatively high re-
sidual variation (51 % of total variation) can be ascribed to
the high plasticity of phytolith shape within each sample. This
means that phytoliths vary continually within a section of leaf
epidermis and, therefore, that individual phytoliths in a single
sample may differ more from each other than from those which
originated in other species. Such plasticity within individual
samples is therefore more responsible for the overlap between
species than any other source of variation.

Since the variation between populations of the same species
was very low, we did not demonstrate any relationship between
phytolith variation and environmental conditions. We know from
other studies that phytoliths can be larger in humid conditions
than in arid ones (Liu et al., 2016). However, according to other
studies, phytolith shape seems to remain constant under varying
environmental conditions (Ball and Brotherson, 1992). In our
study, we collected material in the field and analysed phytoliths
of two species with rather restricted ecological niches. A ques-
tion arises of how phytolith shape and size would vary between
populations of a more generalist species growing naturally in con-
trasting conditions (e.g. Calamagrostis epigejos) or in specimens
shifted outside their realized niche (in experimental conditions).
Dunn ef al. (2015) showed that some phytolith morphotypes
(crenate, polylobate) of various grass species tend to be bigger
and relatively longer in experimentally shaded conditions. We ac-
knowledge the need for more studies on this subject. However,
we regard our findings of low intraspecific variation in phytolith
shape to be an important confirmation of the validity of the use of
phytolith analysis in paleoecology.

Phytoliths in fossil records

The application of geometric morphometric analysis has
the potential to identify subtle variations in shape not readily
apparent to the naked eye and thereby to greatly improve the
researcher’s ability to discriminate between phytoliths of dif-
ferent species. There is a strong possibility that morphometric
approaches to phytolith identification could enable much finer
discrimination of plant taxa than previously possible, allowing
much better interpretation of past environments than currently
possible. In paleoecology, we usually draw conclusions based
on phytolith morphotype counts and their distinctive combin-
ations (phytolith spectra), which imply the proportions of cer-
tain functional groups (e.g. grasses vs. trees) (e.g. Bremond
et al., 2005; Barboni et al., 2007) or vegetation types (e.g.
steppe lawns vs. mesophilic meadows) (e.g. Solomonova ef al.,
2019), rather than rely on species-specific phytoliths to estab-
lish the presence of particular species. Here, we demonstrated
that it is possible to assign individual phytolith shapes to a spe-
cific plant species (our success rate in the two-species model
was 83 %). This means that we can supplement the interpret-
ation of fossil phytolith spectra with the probability that its in-
dividual phytoliths belong to a particular taxon. This creates
a whole new option for interpreting past environments which
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would complement traditionally used morphotype counts in
specific cases.

We expect that this approach will be most useful for the
reconstruction of grassland vegetation characterized by the
dominance of just a few diagnostic grass species. Grass taxa
which have high abundance in a plant community in terms of
individuals (e.g. Phragmites sp. and Molinia sp.) and belong
to a subfamily which is represented by only a few species in
the investigated area (e.g. Arundinoideae) are the best can-
didates. In addition, pooid tribes (e.g. Brachypodieae and
Stipeae), forming sister groups to the most diverse tribe
Poeae (Soreng et al., 2017), hold great potential for fur-
ther discrimination, as was shown, for example, in Gallego
and Distel (2004). However, the reliability of these assump-
tions must be tested on extensive reference material, using
phytoliths coming both from reference material and from
surface soils.

Regarding the general applicability of our approach, we do
not expect the landmark-based geometric morphometrics of
phytoliths to replace other traditional approaches but rather to
complement them and make phytolith analysis more accurate in
specific cases, as stated above. Nevertheless, the processing of
data for analysis is not very time consuming — especially when
we take into account the amount of information about shape
obtained from one sampled outline compared with traditional
morphometric approaches, where measured parameters have to
be chosen in advance without knowing whether or not they are
relevant for answering the questions asked. Also, the consistent
application of qualitatively defined morphotypes can be rather
problematic for less-experienced researchers; similarly, to be-
come familiar with all of the classification schemes used by
different researchers also takes a considerable amount of time.
It is possible that in the future it will prove productive to in-
volve machine learning methods in discrimination of individual
phytolith shapes.

Conclusions

Our results suggest that phytolith shape corresponds rela-
tively closely to the taxonomic identity of closely related grass
species. Moreover, our methodological approach, applied to
phytolith analysis for the first time, enables the quantification
and separation of variation that is not related to species dis-
crimination. We believe that our approach can, in the same way,
shed light on other topics which are in their infancy, such as at-
tempts to study patterns of phytolith shape variation in a phylo-
genetic context (Prasad et al., 2011; Rudall, 2014; Stromberg
et al., 2018). As shown by the application of geometric mor-
phometrics in many other fields, its application to phytolith
analysis will probably raise and answer many completely new
questions (Adams et al., 2013).

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1: the studied
plant material and experimental design. Ellenberg indicator
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values for light, temperature, moisture, reaction and nutrients.
Table S2: phytolith morphotype counts. Table S3: workflow
sequence of landmark-based geometric morphometric and
other methods used in the current study. Table S4: Procrustes
ANOVA evaluating effect of inter- and intraspecific symmetric
variation in phytolith consensus shape. Table S5: Procrustes
ANOVA evaluating effect of phases of plant ontogeny on phyto-
lith shape. Table S6: Procrustes ANOVA evaluating effect of
phases of plant ontogeny on phytolith consensus shape. Table
S7: ANOVA evaluating effect of inter- and intraspecific vari-
ation in phytolith size. Table S8: ANOVA evaluating effect of
phases of plant ontogeny on phytolith size. Table S9: ANOVA
evaluating effect of phases of plant ontogeny leaf part age) on
phytolith size.
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