Hydrobiologia (2009) 630:243-256
DOI 10.1007/s10750-009-9799-4

PRIMARY RESEARCH PAPER

Diversity and morphological disparity of desmid
assemblages in Central European peatlands

Ji¥i Neustupa - Katefina Cern4 - Jan St’astny

Received: 5 March 2009 /Revised: 21 April 2009/ Accepted: 24 April 2009 / Published online: 10 May 2009

© Springer Science+Business Media B.V. 2009

Abstract Morphological disparity has increasingly
been used as an alternative measure of biological
diversity based on the shape features of organisms. In
this study, we investigated the species diversity and
morphological disparity of benthic Desmidiales in
Central European peatland pools. The shape features
of cells were determined using the 3-D elliptical
Fourier analysis of their frontal and lateral views. The
resulting morphospace was used to calculate the
contributions of localities and species to the morpho-
logical variation. In addition, the disparity of samples
and their average cell complexity (indicating intri-
cacy of cell shapes) was evaluated. These data were
related to species diversity data and to the abiotic
factors. Species diversity was positively correlated
with pH and conductivity. The low-pH localities
generally supported a more variable species compo-
sition than did slightly acidic to neutral localities.
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Conversely, the total nitrogen concentrations of these
areas negatively correlated with species diversity.
Interestingly, partial morphological disparity (mea-
suring the contribution of a sample to the overall
morphological variation) did not correlate with
species diversity. On the contrary, several mountain
peat bog localities had high disparity values, irre-
spective of their rather low species diversity. In
addition, several samples from minerotrophic fens
with high diversity had average or low values of
partial morphological disparity. These results indicate
the relative importance of mountain peat bogs for the
total morphological diversity of Desmidiales within
the region that could not be ascertained solely from
species diversity data. The inner morphological
disparity of samples was highly correlated with their
species diversity. Species of the genus Micrasterias,
Hyalotheca dissiliens and Desmidium species had the
highest partial morphological disparity, thus indicat-
ing their marginal position within the morphospace.
Micrasterias and Euastrum species had the highest
complexity values. The average cell complexity of
individual samples did not correlate with their
diversity or disparity; however, it was positively
correlated with the levels of total nitrogen and
phosphorus, and illustrates a pattern different from
that arrived at by species diversity data.
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Introduction

Biological diversity may be quantified by different
methods based on various aspects of organisms
(Magurran, 2004). Species (or taxonomic) richness
has traditionally been the dominating approach in
studies of algal biodiversity, including that of the
Desmidiales. However, new biodiversity concepts,
including molecular phylogenetic diversity (Purvis &
Hector, 2000) and morphological disparity (Roy &
Foote, 1997), provide intriguing ways of investigating
different aspects of temporal and spatial variation in
nature. In general, phylogenetic diversity reflects the
sum of phylogenetic distances between individual
members of an assemblage (Purvis & Hector, 2000).
Morphological diversity (or disparity) is based on a
morphometric distance that quantifies the shape
differences of assemblage members (Roy & Foote,
1997). The multivariate space of a complete investi-
gated set of organisms (spanned e.g. by axes of PCA of
morphometric data) is called morphospace (Foote,
1993; Roy et al., 2001). Distances in morphospace
(e.g. Euclidean distances between the overall mean
and individual objects) may be used for calculation of
morphological disparity—either of a set as a whole, or
of its individual members or subgroups. Several
studies have demonstrated that morphological dispar-
ity may not be correlated with taxonomic or phyloge-
netic diversity (Roy et al., 2001; Neige, 2003a).
However, comparison of taxonomic (species) richness
with morphological disparity provides a unique way of
evaluating diversity across different localities or
habitat types. One particular feature of morphological
disparity is that individual species contribute differ-
ently to the morphological disparity of a community or
sample. The contribution of individual specimens is
weighted by their position in morphospace: the more
morphologically eccentric, the greater its contribution
to sample disparity. The concept of morphological
disparity has recently been applied in an analysis of
spatial or temporal patterns in communities of differ-
ent organisms (e.g. Roy et al., 2001; Neige, 2003a, b,
2006—cuttlefishes; McClain et al., 2004—gastro-
pods; Clabaut et al., 2007; Hoagstrom & Berry,
2008—freshwater fishes). Neige (2003a, 20006)
reported differences in regional values of disparity
versus species richness in cuttlefish. The highly
diverse West Pacific region, considered a centre of
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origin for this group, was accompanied by relatively
low disparity. This was interpreted as an example of
low morphological diversity in a region considered as
the primary centre of diversity containing a high
proportion of species with morphologies close to the
centroid of the group morphospace. Similarly, Roy
et al. (2001) demonstrated low regional species rich-
ness of marine strombid gastropods that, however, had
high or above-average morphological disparity. They
stressed the conservational importance of regions that,
notwithstanding their low species diversity, contain a
significant proportion of the morphospace variation of
the group. McClain et al. (2004) reported comparable
levels of gastropod disparity in lower bathyal and
abyssal marine habitats, even though species richness
was lower in the latter communities. On the other
hand, Hoagstrom & Berry (2008) detected similar
trends in species diversity and disparity in communi-
ties of river fishes, and interpreted this as higher niche
heterogeneity of habitats with a high species number.

The present study represents the first disparity
analysis of natural protist assemblages. The Desmid-
iales were chosen as a species-rich monophyletic
group of green algae (Gontcharov, 2008; Hall et al.,
2008), typically inhabiting benthic freshwater envi-
ronments (Coesel & Meesters, 2007). Natural assem-
blages of desmids are known to subtly reflect the
environmental conditions of localities (e.g. Len-
zenweger, 2003). Coesel (2001, 2003) developed an
intriguing system of conservational evaluation of
peatland localities on the basis of their desmid
species composition. Mature cells of desmids have
fixed shapes as they are surrounded by cell walls. At
the same time, the Desmidiales are one of the most
conspicuous protists. With their elaborate cell shapes,
they have long attracted the attention of morpholo-
gists (Ralfs, 1848). Even the traditional names of
desmids in several languages reflect the shape
complexity or ornamentation of their cells (‘krasivky’
in Czech is little beauties, “Zieralgen’ in German is
beautiful algae). The quantitative shape information
of desmid cells has recently been used in several
geometric morphometric studies that concentrated on
taxonomy (Neustupa & §t’astn}'/, 2006; Neustupa &
Skaloud, 2007), and the temperature-related plasticity
of the genus Micrasterias (Neustupa et al., 2008). At
the same time, the morphological variation of
desmids was also studied by means of traditional
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morphometric methods utilizing measurements of
distances and angles of cells (e.g. Bicudo & Gil-Gil,
2003). However, the disparity of species-rich natural
desmid assemblages and the relation of disparity to
their taxonomic diversity have not, thus far, been
investigated. The Desmidiales often dominate in
phytobenthos of peatland localities (Borics et al.,
2003; Coesel & Meesters, 2007). Ruzicka (1977) and
Coesel (2001) suggested that species richness optima
of desmid assemblages can usually be found in
slightly acidic wetlands with a pH of approximately
5.5-6.5. According to Vitt (2006), these values
correspond to the upper pH ranges of most temperate
and boreal peatland habitats. The relation of species
richness and the pH of the water environment have
often been investigated. Mataloni (1999) revealed the
pH-related increase in species diversity of desmids in
peat bogs of Tierra del Fuego in temperate South
America. Coesel etal. (1978) demonstrated a
decrease in species richness of the Desmidiales
related to anthropogenic acidification of peatland
localities in the Netherlands. Meanwhile, Toma-
szewicz (1994), Novakova (2002) and gtépénkové
et al. (2008) reported a positive relation of desmid
diversity and pH in temperate European peat bogs. In
addition, gtépénkové et al. (2008) also illustrated the
significant positive relation of conductivity and
diversity of desmids in mountain peat bogs. Coesel
et al. (1978), Gilbert et al. (1998) and Wayda (2004)
observed a decrease of peatland desmid species
diversity as a result of eutrophication of previously
mesotrophic, slightly acidic wetland habitats. In a
unique study involving analyses of morphology-to-
ecology relations in desmid assemblages, Coesel
(1982) investigated an extensive set of samples from
Dutch fens and marshes. He suggested that, apart
from decreased species richness, low pH conditions
(<4.0) in mire habitats generally correlated with a
higher frequency of species with simple, cylindrical
shapes; although, most of them were, however, the
unicellular Mesotaeniaceae that do not actually
belong to Desmidiales. Desmid species with more
complex, ornamented cells typically occurred in
localities with a pH higher than 5.0. However,
Coesel’s (1982) observations did not involve explicit
quantitative analyses of shape variation in relation to
abiotic factors.

Recently, the geometric morphometric methods
(including outline-based analyses) have increasingly

been applied in phycology (e.g. Pappas et al., 2001;
Beszteri et al., 2005, Potapova & Hamilton, 2007),
including studies of desmids (Neustupa & Skaloud,
2007; Neustupa et al., 2008). This methodological
advancement now allows one to investigate the
morphospace structure of natural desmid assemblages
in phytobenthos. In this study, we selected 30 Central
European peatlands, including ombrotrophic peat bogs
and minerotrophic fens, spanning a pH range from 3.9
to 7.0, for investigation of diversity versus disparity
patterns of their benthic desmid assemblages. We
asked the following questions:

(a) What is the relation between species diversity of
benthic assemblages of the Desmidiales and
abiotic parameters of localities?

(b) What is the morphospace structure of Central
European peatland desmid assemblages and
what are the individual species contributions
to the overall morphological disparity of an
entire set of investigated localities?

(c) Is there any relation between local species
diversity and morphological disparity measures?

(d) Is there any relation between local disparity
values of desmid assemblages and abiotic
factors of localities?

Materials and methods
Localities and processing of samples

The 30 investigated localities (Fig. 1; Table 1—
Electronic supplementary material to this article)
were sampled in July and August 2008. By selection
of these localities, we aimed to span the principal
environmental gradients that structure peatland fresh-
water habitats of the region (minerotrophy versus
ombrotrophy, strongly acidic bogs versus mesotro-
phic peatlands). The majority of the sampled local-
ities were located in the Czech Republic, where most
of the important existing peatland habitats were
included. In addition, we sampled several interesting
localities in adjacent countries. The minerotrophic
mountain bogs of the Vihorlat Mts., Slovakia, and
Rhon Mts. Germany, were included as the examples
of otherwise rare habitat type. In addition, four
samples from Pohorje Mts., Slovenia, which repre-
sent the acidic mountain bog habitats were also
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included. At each locality, we sampled 0.25 m>
quadrates of a phytobenthic community. The pH
and conductivity values were measured in the field
using the combined pH/conductometer WTW 340i.
The inorganic forms of nitrogen and phosphorus were
measured by the Hach colorimeter DR/890. The
NH,* concentrations were evaluated using the salic-
ylate method (Hach ammonia kit, method no. 10023).
The nitrates (NO;~) were evaluated using the
cadmium reduction method (Hach nitrate kit, method
no. 8171). The total nitrogen concentrations were
measured using the persulfate digestion method,
which consists of a conversion of all forms of
nitrogen to nitrate in an alkaline persulfate digestion
and subsequent reaction of nitrate with chromotropic
acid under strongly acidic conditions (Hach total
nitrogen kit, method no. 10071). The reactive phos-
phorus (orthophosphate) was estimated using the
ascorbic acid method (Hach reactive phosphorus kit,
method no. 8048), where the orthophosphates react
with molybdate in an acid medium to produce a
phosphomolybdate complex; ascorbic acid then
reduces the complex, giving an intense molybdenum
blue color. Finally, the total phosphorus concentra-
tions were evaluated using the acid persulfate diges-
tion method (Hach total phosphorus kit, method no.
8190). In this method, all the organic and condensed
inorganic forms of phosphates in the sample are
converted to orthophosphates by heating with acid
and persulfate. The subsequent reactions are identical
to those described above for estimation of orthophos-
phates. The samples for species identification were
immediately fixed and desmids were determined by
examination under an Olympus BX51 light micro-
scope using Nomarski differential contrast. We
randomly photographed 100 desmid cells in each
sample that were also used for disparity analyses. The
occasional long filaments of several trichal desmid
species (e.g. Hyalotheca dissiliens or Desmidium
aptogonum) were counted up to 10 cells.

Morphometric methods

In total, 3,000 objects were used for the disparity
analysis. In each species, a complete cell with two
mature semicells was chosen, and its shape was
registered by the following procedure. In total, 56
two-dimensional points (landmarks) were placed
regularly along the outline of mature cells using
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Fig. 1 The map of the investigated localities

TpsDig, ver 2.12. (Rohlf, 2008) to capture their
frontal view. The z coordinates of these landmarks
were set to zero. The 3-D shape dimension (lateral
view outlines) of cells with circular or elliptical
apical view outlines was approximated using the
published data on width-to-thickness ratios of indi-
vidual species (extracted from Coesel & Meesters,
2007; Prescott et al., 1977; Ruzicka, 1977, 1981).
This was then used to calculate 54 points approxi-
mating the lateral view outline of cells from the x and
y positions of landmarks registered along the frontal
view outline (see above). The x and y coordinates of
lateral view landmarks were obtained as averages of
the respective 2-D frontal view landmarks. The z
coordinates of lateral view landmarks were calculated
from data on width-to-thickness ratios of individual
species. The R, ver. 2.3.1. software for statistical
computing (R Core Development Team, 2006) was
used to compute lateral view landmarks. In triradiate
(or rare tetraradiate species), the lateral view was
approximated by calculating the position of land-
marks in third (fourth) lobe using the position of
points along the outline in a frontal view.

The total 110 points spanning the frontal and lateral
views of cell outlines were subjected to 3-D elliptic
Fourier analysis (Lestrel, 2000; Rohlf, 2003) for
calculation of coefficients describing the shape prop-
erties of individual species. One major advantage of the
elliptic Fourier analysis (EFA) is that it does not rely on
the homology or geometric correspondence of
individual landmarks (Lestrel, 1997), as is e.g. the
case in the general Procrustes analysis (Zelditch et al.,
2004). Instead, the EFA calculates the coefficients of
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harmonic functions describing shape properties of the
entire outline. In our dataset, consisting of widely
dissimilar shapes from elongate Closterium and Pleu-
rotaenium cells to complex, deeply lobed species of
Micrasterias, the homology (or geometric correspon-
dence) criterion would probably be questionable. In
addition, when using the general Procrustes analysis,
the extremely high amount of variation, presumed in
this species-rich dataset of benthic Desmidiales, could
result in distortion of the tangent space projected from
the original shape space of Procrustes coordinates
(Dryden & Mardia, 1998). However, the EFA demands
a single, homologous starting point for all the analyzed
objects (cells). In Desmidiales, the choice of such a
point was obvious: the apical tip of a semicell that was
unambiguously evident in all the investigated species.
The cells of desmids are bilaterally symmetrical, but in
this study, we concentrated on disparity analyses, and
symmetry/asymmetry issues were not investigated.
The original configurations of points describing
outlines were replaced so that the starting point at the
centre of the polar lobe of a semicell had zero
coordinates. Second, the configurations were opti-
mally rotated and scaled to a unit centroid size, the
square root of the sum of squared distances from the
landmarks to their centroid (Dryden & Mardia, 1998)
in PAST, ver. 1.88 (Hammer et al., 2001). Third, the 3-
D elliptic Fourier analysis was conducted using
EFA3D, ver. 1.0 (Rohlf, 2003). In total, the 25
harmonic functions sufficiently spanning the shape of
the cells (Fig. 2) were used for the subsequent analysis.

Disparity analyses

The principal component analysis (PCA) based on the
variance—covariance matrix of the coefficients of har-
monic functions from the EFA was used to simplify the
multivariate set. For subsequent analyses, we used the

first 10 PC axes spanning 98.1% of the total variation
that was found significant by the Joliffe cut-off value
(Jolliffe, 1986). The multivariate set of 3,000 objects
characterized by their scores on these 10 PC axes
constituted the morphospace for the disparity analysis.
The disparity was analyzed in several different
ways. Initially, the partial morphological disparity of
localities (Foote, 1993; Zelditch et al., 2004), indi-
cating the contribution of a sample to the overall
morphospace of the investigated set, was calculated.
The morphological disparity of the entire set was
calculated following the Footes (1993) index:

Y o)
MD ="

where D; is Procrustes distance of an individual
object to reference form and N is number of objects.
The contribution of each object to the overall
morphological disparity of the set can be expressed
as partial morphological disparity:

D?

PD =
N -1

We see that the sum of PD values of all objects
equals the value of morphological disparity index of
the whole set. First, the partial morphological
disparity of a particular locality was evaluated as
sum of PD values of its 100 cells. This measure
gives the contribution of a locality assemblage to
the overall morphological disparity of desmids in
investigated peatlands. At the same time, the species
partial morphological disparity was evaluated as
sum of PD values of cells identified as a particular
species in an investigated set of 3,000 cells. Second,
we also evaluated the partial morphological dispar-
ity based just on the presence/absence of species
at the localities. The partial morphological disparity

(a) (b) (€) z, (d) g?

Fig. 2 The outlines of frontal and lateral views reconstructed from the 3-D elliptic Fourier analysis. a Tetmemorus laevis;
b Micrasterias pinnatifida; ¢ Euastrum humerosum; d Staurastrum furcatum var. aciculiferum
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of localities based on this presence/absence matrix
was calculated by the same equations as in the
previous case.

Apart from the partial morphological disparity of
individual localities that accounted for their contribu-
tion to the overall disparity of the complete set, we also
calculated the disparity of a sample, or the inner
morphological disparity (ID). This measure evaluated
the morphological dissimilarity of individual locali-
ties. It was calculated as the sum of Euclidean distances
between all the 100 objects (cells) of a particular
locality in the overall morphospace of 3,000 objects.
As another morphological measure, we also evaluated
the C value that indicated complexity of a cell shape.
For each species, this measure was calculated as the
sum of Euclidean distances between adjacent land-
marks along the outline in the size-standardized
configurations of 110 landmarks along frontal and
lateral views of cells:

N
C= Z \/(pxi —Pxi+1)2+(l’yi —Pyi+1)2+(Pzi _pzi+1)2
i=1

where p; is the ith landmark of the configuration with
Dxi» Pyi and p; indicating its x, y and z coordinates,
respectively. An ideal sphere would have minimal C
value, and its increase reflects deviation of cell shape
from circularity.

Species data analyses

The patterns of species composition among localities
were illustrated using the non-metric dimensional
scaling (NMDS) with Euclidean distance measure in
PAST, ver. 1.88 (Hammer et al., 2001). The Kruskal
stress value was used as the measure of goodness of fit
in representation of actual multivariate distances
between localities in resulting NMDS ordination
diagram (Kruskal, 1964). The effects of abiotic factors
on species composition of localities were evaluated by
Mantel tests of matrix correlations (Mantel, 1967,
Fortin & Gurevitch, 1993). The similarity in species
composition was evaluated using matrix of Euclidean
distances between localities. Matrix X of differences
in values of abiotic factors was evaluated as follows:

X = [|la; — bi]

mXxXm

where a; and b; are individual values of compared
abiotic factors of m localities (Fortin & Gurevitch,
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1993). Significance of matrix correlations was eval-
uvated by 10,000 permutations in PAST, ver. 1.88.
Species diversity was evaluated by Shannon—Wiener
index (Magurran, 2004) and by species richness.
Relation of species diversity, morphological disparity
measures and abiotic factors were evaluated by linear
correlation analyses with the permutation P-value
based on 10,000 randomizations.

Results

Of the 3,000 desmid cells from 30 investigated
samples, we identified 155 taxa. The descriptions and
abiotic data of localities and the complete list of
species in localities and their abbreviations are
accessible in the Electronic supplementary material
(Table 1—Electronic supplementary material). The
maximum species richness was found in slightly
acidic samples from the ‘Brehyné’ and ‘Swamp’
wetlands (samples no. 16—32 species; no. 13—21
species) and from ‘Novohradské hory’ Mts. (sample
no. 22—26 species). On the other hand, several bog
localities clearly had low species richness and alfa-
diversity (see Table 2 as Electronic supplementary
material) with just three species in ‘Novodomské
raseliniste’” peat bog (sample no. 8) and in ‘Hybkana’
peat bog, Vihorlat Mts., Slovakia (sample no. 30).
The NMDS ordination of samples by their species
composition illustrated that the low-pH localities had
quite variable species composition that positioned them
typically on the margins of the ordination space
(Fig. 3). Interestingly, most higher-pH localities
appeared to have a more similar species composition.
In order to test this observation, we separately evaluated
the Euclidean distances between pairs of localities,
based on their species composition, in three groups
defined by their pH-level (pH < 5.0, pH 5.0-6.0 and
pH > 6.0). The permutation #-tests (10,000 permuta-
tions) on differences in means of these three sets
revealed that the low-pH localities had significantly
higher variation of species composition than localities
with a pH between 5.0 and 6.0 (P-value = 0.0001, low-
pH group mean = 89.7, slightly acidic group
mean = 61.3). In addition, the low-pH localities were
more variable in their species composition than those
with pH higher than 6.0 (P-value = 0.0001, high-pH
group mean = 61.2). On the other hand, the localities
with slightly acidic pH (5.0-6.0), and those with a pH
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Fig. 3 The NMDS ordination plot of localities based on their species composition (a) and the same plot with the symbol sizes

reflecting the pH values of the localities (b)

higher than 6.0, had similar levels of variation in their
species composition (P-value > 0.05).

The Mantel tests revealed that pH (r = 0.33,
P =0.0001) and total nitrogen (r= 0.27,
P = 0.0071) were the only significant abiotic factors
correlating with species composition of the localities.
The pH of the localities was positively correlated
with the conductivity (r = 0.61, P = 0.0003), the
total nitrogen content was positively correlated with
total phosphorus (r = 0.49, P = 0.005) and the area
of the localities was positively correlated with their
depth (r = 0.44, P = 0.013). Other abiotic factors
were not significantly correlated. Species diversity
(evaluated by the Shannon-Wiener index) positively
correlated with pH of the localities (r = 0.73,
P < 0.0001), and with conductivity (r = 0.40, P =
0.026) (Fig. 4a, b), whereas there was a weakly
significant negative correlation of species diversity
with total nitrogen concentrations (r = —0.38,
P = 0.037) (Fig. 4c). Relations of species diversity
and other abiotic factors were insignificant.

The PCA of 3-D elliptic Fourier coefficients in the
entire set illustrated that the elongated species (e.g.
members of the genera Closterium, Penium or Pleu-
rotaenium) were separated from other species along
the first PC axis (Fig. 5). Species of Tetmemorus and
Actinotaenium were generally in an intermediate
position between elongated and compressed forms.
The triradiate cells of Staurastrum and Desmidium
species were separated from species with the elliptical
apical view outline along the second PC axis. The third
and fourth PC axes mainly separated Micrasterias

species from the others, and on the opposite extremity
of the third PC axis, Hyalotheca dissiliens, Desmidium
grevillei and Staurastrum controversum were clus-
tered. A group of triradiate species was separated from
the others by positive values of the fourth PC axis.
Species of individual traditional genera often had
similar values, either of partial morphological dispar-
ity (PD) or complexity (C) (Fig. 6). While we know
that most of these genera are, in fact, polyphyletic or
paraphyletic (Gontcharov, 2008; Hall et al. 2008), the
similarity of their disparity or complexity is not
surprising, given the fact that they have been defined
almost entirely on the basis of morphological data.
Members of the genus Micrasterias generally had the
highest partial morphological disparities (PD), indi-
cating their large contribution to the total morpholog-
ical disparity of the entire set (Fig. 6a; Electronic
supplementary Material). Staurastrum pseudotetrace-
rum, S. minimum, Desmidium grevillei, D. aptogonum
and Hyalotheca dissiliens were the other species with
high partial morphological disparities, while most
Cosmarium and Closterium species had average PD
values. Species of Tetmemorus and Euastrum typically
had low partial morphological disparities, indicating
their overall central position within the morphospace.

The measure of morphological disparity of local-
ities (PD) determined their contribution to the total
morphological disparity (MD) of the entire set, and
revealed a pattern uncorrelated with species diversity
(Fig. 4d). Neither the partial morphological disparity
of localities based on the quantitative counts, nor the
PD values of localities based on the presence/absence
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Fig. 4 The linear correlation analyses of the Shannon-Wiener
index of species diversity with the pH-value of the localities
(a), the S—W index of species diversity with conductivity
(pS cm™2) (b), the S-W index of species diversity with the

matrix were correlated with species diversity or
richness. The normalized values of species diversity
and partial morphological disparity (PD) of localities
(based on the species counts) illustrated that locality
no. 16 (a pool in Brehyné wetland, Czech Republic)
had the highest diversity, and locality no. 26 (Crno
jezero bog in Pohorje, Slovenia) had the highest
contribution to the overall morphological disparity
(Fig. 7). We observed that many minerotrophic
localities with higher pH and relatively high diversity
had comparatively lower disparity (e.g. localities no.
11, 13-18, 22-23). On the other hand, most mountain
peat bog localities had higher relative disparity in
comparison to their species diversity (e.g. no. 4, 5, 8,
9, 26-29). The partial morphological disparity of the
localities based on species counts was not correlated
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with the measured abiotic factors. Conversely, the PD
values based on the presence/absence of species
matrix was weakly positively correlated with the pH
of the localities (r = 0.41, P < 0.027), and nega-
tively correlated with the total nitrogen (r = 0.44,
P < 0.012).

The inner morphological disparity (ID) of the
localities measuring the morphological dissimilarity
in members of a single sample (i.e. disparity of a
sample) was highly correlated with species diversity
(r =0.75, P < 0.0001) (Fig. 8a). The inner morpho-
logical disparity was also correlated with pH
(r =0.60, P =0.0008) (Fig. 8b), but it was not
correlated with the other abiotic factors. The average
cell complexity (C) of the desmid assemblages in
individual localities did not correlate with species
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nitrogen: r = 0.47, P = 0.0071; total phosphorus:
r = 0.40, P = 0.0243) (Fig. 8c, d). In general, the
members of the genus Micrasterias had clearly the
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Fig. 7 The map of the investigated localities with their
normalized Shannon—Wiener diversity indices in left columns,
and the partial morphological disparity values (based on the
quantitative species counts) in right columns

most complex cells (Fig. 6b). The Euastrum species,
Staurastrum polymorphum and S. minimum, were the
other species with relatively high cell complexity.
Conversely, filamentous species, Desmidium swartzii,
D. grevillei and Hyalotheca dissiliens, had the least
complex cells. The cells of Closterium, Pleurotaenium
and Haplotaenium species usually had low values for
complexity, and most Cosmarium, Xanthidium, Ac-
tinotaenium and Staurastrum species had cells of
average complexity.

Discussion

Species diversity of desmids in the investigated
peatland benthic assemblages was positively corre-
lated with pH of the localities. This phenomenon,
also illustrated in other studies of benthic desmids
(e.g. Coesel et al., 1978; Mataloni, 1999; §tépénkové
et al., 2008), has usually been attributed to stress
conditions of extremely low pH (<5.0) in many peat
bog habitats that limits the occurrence of most
species. In this study, the low pH localities typically
had low richness with just a few species composing
the actual assemblage. Certainly, by counting 100
cells, we did not record every desmid species
occurring at a locality. This study was designed to
evaluate the diversity versus disparity patterns based
on the actual quantitative composition of assem-
blages, rather than to enumerate their total species
richness, including very rare species. However, given

@ Springer

the fact that our observed diversity patterns corre-
sponded to previous published studies, we suppose
that our data represented the overall differences in
diversity of investigated localities. Coesel (2001)
reported a unimodal response of species diversity of
desmids to the pH, with optima in slightly acidic to
neutral conditions. As our study concentrated on peat
bogs and fens, we did not sample more alkaline
environments, and pH optima corresponded to the
highest pH-levels included within the investigated
set. The species composition of low-pH localities
showing low diversity values was more variable in
comparison to higher-pH localities. The species-poor
assemblages of acidic habitats differed considerably,
and were much less predictable in their dominant
desmid species. This phenomenon may be explained
by the fluctuating and unstable environmental condi-
tions of many acidified bog habitats (Turetsky & St
Louis, 2006), which led to the varying composition of
their actual assemblages. Meanwhile, slightly acidic
to neutral localities generally shared more species,
and this was evident in the higher similarity of their
species composition.

The pH and diversity gradients did not indicate the
classic distinction between acidic ombrotrophic peat
bogs and minerotrophic fens with higher pH values
that was reported from boreal peatland ecosystems
(Wheeler & Proctor, 2000; Vitt, 2006). However,
Héjek et al. (2006) illustrated different ecological
dynamics of Central European mires that often
reflected the nutrient status, rather than purely the
pH gradient. In our study, several clearly minero-
trophic localities had rather low pH (e.g. samples no.
14, 15) and low amounts of available nutrients.
However, the total nitrogen and, to a lesser extent, the
total phosphorus concentrations significantly influ-
enced the species composition, whereas the concen-
trations of soluble nutrient ions were not correlated
with species data. This suggests the ability of many
desmids to utilize the organic sources of nutrients in
the generally oligotrophic conditions of peatlands
(Spijkerman & Coesel, 1998).Therefore, the total
nitrogen and phosphorus concentrations may better
correspond to actual species composition, than to the
highly fluctuating and spatially variable concentrations
of available ions (Walbridge & Navaratnam, 2006).
The total nitrogen concentrations better corresponded
to both species composition and diversity. The weak,
albeit still significant, negative correlation of total N
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Fig. 8 The linear correlation analyses of the sample disparity
levels with the Shannon—Wiener index of species diversity (a)
the sample disparity with the pH values (b) the average cells
complexity values of the localities with their total nitrogen

with species diversity are consistent with previous
studies of Coesel et al. (1978) and Gilbert et al. (1998)
that illustrated a general decrease of desmid diversity
in relation to eutrophication of habitats.

The inner morphological disparity (i.e. disparity of a
sample) of desmids from individual samples was
correlated with their species diversity. This is predict-
able given the fact that most desmid taxa are defined by
morphological characters. However, a much more
intriguing result was the lack of any correlation
between species diversity and partial morphological
disparity of localities. The number of species in a given
locality did not predict its disparity level. On the other
hand, in some samples with low species diversity
(presumably from mountain bogs), the disparity values
were relatively high and, comparatively, localities with
the highest diversity had average or lower disparity.

total phosphorus

concentrations (mg 17") (c) and the average cells complexity
values of the localities with their total phosphorus concentra-
tions (mg 17" (d)

Similar differences in disparity versus species diversity
were previously demonstrated by several different
groups (Roy et al., 2001; Neige, 2003a, 2006). Regions
with high disparity values that often had relatively low
species diversity are considered valuable from the
conservational point of view as they harbor a signif-
icant portion of the group’s morphospace. In this study,
we observed high disparity in several mountain bog
samples (e.g. the sample no. 26 from Crno Jezero peat
bog in Pohorje Mts., or the sample no. 29 from
Podstavka peat bog, Vihorlat Mts.). In addition, most
mountain bog samples from the Sudeten mountains
(e.g. the samples no. 4-5, 8-10) had comparatively high
disparity in relation to their low species diversity. In
these localities (mostly ombrotrophic mountain peat
bogs), the desmid assemblages were relatively less
diversified, but their disparity makes them important as

@ Springer
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they comprise a high proportion of the total morpho-
space of Desmidiales within the region. Obviously, in
these low-diversity localities, this phenomenon was
often caused by just a few or even a single dominant
species with a high contribution to the total desmid
disparity (e.g. Hyalotheca dissiliens). Thus, it is not
unexpected that the partial morphological disparity
values based on the presence/absence matrix (not
taking into account the quantities of individual species)
resulted rather in average PD values for these mountain
peat bog localities (see Electronic supplementary
material). However, together with their variability of
species composition, the average or high contribution
of the mountain bog localities to the overall morpho-
logical disparity of peatland Desmidiales demonstrates
the importance of these habitats for Desmidiales in the
region as a whole.

The presence/absence matrix-based measure of
partial disparity also did not correlate with species
richness data. The highest disparity based on pres-
ence/absence species data was found in minerotroph-
ic localities no. 19 and 7. In both these cases, it
coincided with the occurrence of Micrasterias species
with high partial disparity values. There were some
important differences in partial morphological dis-
parity of individual species (measuring their eccen-
tricity within the morphospace) and their cell
complexity. While the species of Micrasterias had
consistently the highest partial disparity, as well as
cell complexity, most Euastrum species had low
partial disparity (i.e. they were positioned close to the
overall mean of the morphospace), but their cells had
high complexity. Similarly, the cells of filamentous
species, Hyalotheca dissiliens and Desmidium gre-
villei had high partial disparity, as they had quite
eccentric cell shapes compared to other analyzed
species, but their cell complexity was low. The lack
of a correlation between average cell complexities of
individual samples and their pH values did not
correspond with the conclusions of Coesel (1982),
who assumed higher incidence of more complex cell
forms in localities with higher pH. However, his
study also incorporated the mesotaeniacean species
that, as we now know from molecular data (e.g.
Gontcharov, 2008), neither belong to, nor form a
monophyletic group with, Desmidiales. While the
‘flagship’ species with the highest complexity values
(as Micrasterias species), occurred typically in
localities with average or higher pH, some reasonably
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complex taxa (as e.g. Euastrum binale var. gutwinski
and Cosmarium pygmaeum) were abundant in low pH
localities. We should note that complexity of desmid
cells is strictly a disparity measure, not an approx-
imation of their surface-to-volume ratio (S/V ratio).
Complexity is based on analysis of size-standardized
shapes, whereas the S/V ratios critically depend on
size of the cells, in addition to their morphology. The
evaluation of S/V ratios for the complex cells of
Desmidiales is extremely difficult, especially in taxa
with the most complicated shapes, as e.g. Micraste-
rias, Euastrum and some Staurastrum species. In
these taxa, application of classical geometric formu-
las approximating surfaces and volumes of cells as
simple geometric objects (Hillebrand et al., 1999;
Sun & Liu, 2003) may not be appropriate. While the
geometric formulas for calculation of S/V ratios and
biovolumes have often been successfully applied in
phytoplankton studies (e.g. Salmaso & Padisak, 2007,
Crossetti & Bicudo, 2008), the S/V ratios of benthic
desmids should probably be evaluated directly from
the morphometric data. The original landmark con-
figurations spanning outlines of cells may be used for
approximation of their volumes and surfaces, possi-
bly for all existing desmid shapes, but such proce-
dures have yet to be developed. Clearly, the
complexity measure used in this study may be related
to the form resistance factor used for evaluation of
sinking stress in phytoplankton (Padisék et al., 2003).
Especially, in planktonic desmids may the changes in
average cell complexity correlate with their ability to
survive in the epilimnion of stratified water bodies.
The morphometric evaluation of complexities in
different planktonic natural assemblages could then
be of much use for understanding the shape- and
form-related life strategies of phytoplankton (Naselli-
Flores et al., 2007).

In this study, the average complexity of sample cells
positively correlated with the nutrient concentration of
their habitat. This pattern was rather surprising, as we
know that increasing trophic status decreased diversity
of assemblages (Coesel et al., 1978; Wayda, 2004, this
study). This phenomenon certainly warrants further
study. We propose an intriguing hypothesis that the
complexity of cells, possibly reflecting complicated-
ness of their morphogenetic processes, increases in
peatland environments with less nutrient-related stress.
However, average complexity of assemblages cer-
tainly was also influenced by other critical factors,
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including ecological stability of individual localities.
In this respect, the biomonitoring method of Coesel
(2001, 2003), based on desmid species composition,
which is related to ecological stability of habitats,
could certainly be tested by quantitative disparity
measures, such as the cell complexity value. Coesel
(2001) included three separate series differing in their
acidity, and each one constituted a gradient from a
disturbed to stable habitat. The potential correlation of
these series of Coesel’s biomonitoring index with
different disparity measures will be of interest in
quantitative morphological studies to further elucidate
the ecology of desmids. Clearly, definition of an
overall ‘desmid morphospace’ containing all the
species occurring within a particular region (e.g.
temperate Central Europe) and/or habitat type would
be of much interest for such studies. Comparison of
such data based on an overall species list from a region
(with known pH- or nutrients level affinity) with our
data that were based on investigation of a limited
number of localities may confirm, modify or disprove
the conclusions of this study.
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