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Pediastrum MEYEN sensu lato (Chlorophyceae) in the phytoplankton of
lowland and upland water bodies of Central Europe (Poland)
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Abstract: Thirteen species and thirteen varieties of microscopic green algae from the genus Pediastrum were
found in thirty one localities scattered in lowland and upland water bodies in Poland. Seven groups of localities
are distinguished with cluster analysis. The groups differ from each other in terms of Pediastrum communities
and environmental variables (pH, conductivity, carbonate hardness, nitrate and orthophosphate concentrations).
The most distinct group contains five coastal lakes, which have high pH values and chloride concentration.
Because the lakes have a high number of taxa, including a few rarely occurring worldwide, they are considered
a hot spot for Pediastrum. Redundancy analysis revealed that the environmental variables account for ca thirty
per cent of the variability of Pediastrum occurrence. Conductivity and pH statistically significantly explain the
taxonomical variation of Pediastrum species and varieties. The genus Pediastrum as a whole is most positively
correlated with conductivity. Individual taxa are influenced by different variables, except for P. fetras which is
indifferent to them. The environmental preferences of the taxa can make inference on conditions in both recent
and past water bodies more reliable.

Keywords: bioindicator, Central Europe, Chlorophyceae, cluster analysis, detrended correspondence analysis,
ecology, green algae, Pediastrum, redundancy analysis

INTRODUCTION

Pediastrum MEYEN (Chlorophyceae, Sphaeropleales,
Hydrodictyaceae) is a genus of microscopic coccoid
green algae living in aquatic habitats. It occurs in the
form of flat aggregations composed of 2" cells; usually
16 or 32 cells. Such an aggregation is called coenobi-
um, because all its cells originate from a single ma-
ternal cell. The cells are all of the same age and their
number does not change after the coenobium forms
(KomArRek & Forr 1983). Pediastrum coenobia are
usually round with radially oriented marginal cells ha-
ving processes of various length and shape.

Because of its distinctive shape resembling
a star, as well as frequent occurrence in the plankton
of stagnant waters, Pediastrum is well known to most
phycologists. It is usually recorded from freshwater
ponds and lakes, but occasionally also from brackish
and salty waters. It lives mainly in eutrophic biotopes,
but some its taxa occur at lower trophy or even dystro-
phy. It has been observed in rivers and on wet rocks
as well (PARrRA 1979, KowaLska & Worowskr 20108,
KOMAREK & JankovskA 2001).

Twenty six Pediastrum species have been de-
scribed so far. Most of them were published in the mo-

nograph by KomARrREk & Jankovska (2001), two others,
P. aniae found in Cuba (Comas GonzALEZ 2005) and P,
willei found in Spain (Comas GonzALEz et al. 2000),
can be added to the list of Pediastrum species. Recent-
ly, a new taxonomical system consisting in a separation
of a few genera, e.g. Parapediastrum E. HEGEWALD, La-
cunastrum McManus, Monactinus Corpa and Stauri-
dium CorpA, from the genus Pediastrum has been pro-
posed on the basis of phylogenetic studies. Some new
species and nomenclatural combinations have been
described as a result of these studies (BucHHEIM et al.
2005; McManus & Lewis 2011; McManus et al. 2011;
JENa et al. 2014). However, the taxonomic system for
Pediastrum in the present study follows KoMAREK &
Jankovska (2001). The reason is that only selected taxa
have been subjected to the phylogenetic studies so far
and the new system is still incomplete.

Some Pediastrum species, e.g. P. boryanum
(Turp.) MENEGH., P. duplex MEYEN and P. tetras (EHR.)
RALFs, are cosmopolitan, but most of them, e.g. P. ar-
gentinense Bourr. et TELL, P. kawraiskyi ScHmIDLE and
P tricuspidatum Conr., are known only from very di-
stant localities and have restricted distribution. Despite
its wide distribution, the genus Pediastrum probably
has a decreasing evolutionary trend. Some of the rarely
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occurring species were more commonly distributed in
the Late Glacial and Holocene (KOMAREK & JANKOVSKA
2001).

Because the cell wall of Pediastrum contains
algaenans, which are biopolymers resistant to degra-
dation (BLoOKKER et al. 1998), empty coenobia have
been frequently found in lake sediments formed in
the Quaternary or even earlier. Subfossil Pediastrum
species have been recorded by, e.g. WHITESIDE (1965),
SEBESTYEN (1968), JankovskaA & KoMAREK (1982,
1995), NIELSEN & SorenseN (1992), WorowskI et al.
(2002), Sarmaja—KorionNen et al. (2006), WAacNIK
(2009), SwirtaA-Musznicka et al. (2011). KoMAREK
& JankovskA (2001) concluded that analyses of the
whole Pediastrum communities are more reliable for
deducting on ecological conditions in past water bod-
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ies than analyses of single species. Recent studies on
modern Pediastrum taxa also revealed their potential
as paleobioindicators (WEckSTROM et al. 2010; WHIT-
NEY & MAYLE 2012).

There is a number of studies devoted to envi-
ronmental preferences of modern Pediastrum taxa.
However, the preferences of most taxa, especially tho-
se at the intraspecific level, have not been sufficiently
recognized so far or differ depending on author. SULEK
(1969) gave information on the frequency of occurren-
ce of Pediastrum species. PArrA (1979) described re-
quirements of individual species and varieties towards
pH. More information on distribution, type and trophy
of water bodies, affinity for plankton, benthos and pe-
riphyton communities were given by KoMAREK & FoTT
(1983) and KoMAREK & JankovskA (2001). The authors
pointed out that the ecological preferences of some
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Fig. 1. Localities in Poland on map of physiographic units (subprovinces).
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taxa, e.g. P. asymmetricum HEGEW. et YAMAG., P. bo-
ryanum var. pseudoglabrum ParRrA and P. duplex var.
asperum (A. Br.) HANSG., are questionable or not well
known due to their rare occurrence or misidentificati-
on. Some papers deal with Pediastrum from specific
geographical regions. TELL (2004) revised both modern
and subfossil findings of Pediastrum from Argentina
and summarized their characteristics like the frequency
of occurrence, geographical distribution and ecology.
WEcksTROM et al. (2010) are the only one who used
multivariate statistical analyses in order to identify the
influence of several environmental variables on the
occurrence of Pediastrum. However, their study was
restricted to some subarctic lakes in Finnish Lapland.
The aim of the present study was to identify the
influence of environmental variables on the occurrence
of Pediastrum in the inshore phytoplankton of lowland
and upland water bodies in Poland. These variables
were pH, conductivity, carbonate hardness, nitrate and
orthophosphate concentrations. In order to link the Pe-
diastrum taxa and communities to their environment,
multivariate analyses were performed on the author’s
own dataset published elsewhere (LENARCZYK 2014).

MATERIALS AND METHODS

Field and laboratory works. The material was collected
from single localities (as exception from two localities in
Lake Wigry) situated in thirty water bodies scattered in the
lowland and upland regions of Poland. The study covered
seven physiographic units called subprovinces, including
Southern Baltic Coast, Eastern and Southern Baltic Lake-
lands, Central Polish Lowlands, Polesie, Wyzyna Slasko—
Krakowska Upland and Northern Sub-Carphatia (Fig. 1).
Detailed information on these subprovinces can be found in
Konpracki (1994, 2002). Various types of water bodies were
sampled: coastal lakes (5), lowland lakes with a forest (5) and
mixed (8) catchment, fish (4), field (1), park (3), suburban
(1) and village (1) ponds, as well as a peat pit and an oxbow
lake (Table 1). This classification follows LENARCZYK (2014).

Inshore samples were taken with a plankton net no.
25 in the vegetation seasons (between June and September)
of 2008 and 2009. Water temperature, pH, conductivity, car-
bonate hardness, nitrate and orthophosphate concentrations
were measured at each locality during sample collection
(Table 1). For each sample, the per cent shares of the ge-
nus Pediastrum as a whole and all its species within the total
number of planktonic algae were estimated on a 3—degree
scale as follows: < 3%, 4-10%, 11-25%; higher shares were
not observed (Table 2). Because of difficulties in determining
some specimens belonging to P. biradiatum, P. boryanum,
P. duplex and P. simplex under light microscope their shares
in algal communities were not estimated (Table 3). Further
details regarding material collection and elaboration can be
found in LENARCZYK (2014).

Statistical analyses. Comparison of the localities with re-
gard to the presence of Pediastrum taxa was computed using
the Jaccard coefficient and visualized as a classification den-
drogram (Fig. 2) based on the paired group algorithm as a
similarity measure in the Past program, ver. 2 (HAMMER et al.
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2001). The occurrence of the taxa was marked as “1”, their
absence was marked as “0”.

In order to estimate the relationships between the
occurrence of Pediastrum and the environmental variables,
pH, conductivity, carbonate hardness, nitrate and orthophos-
phate concentrations, a redundancy analysis (RDA) was pre-
formed with the CANOCO program, ver. 4.53 (TER Braak
& SMiLAUER 2002). The analysis on the genus Pediastrum
as a whole and its species (Fig. 3) was run separately from
the analysis on P. biradiatum, P. boryanum, P. duplex and
P. simplex varieties (Fig. 4), because the shares of the vari-
eties within planktonic algae were not estimated. While the
shares of the genus Pediastrum as a whole and its species
were transformed as follows: < 3% — “17, 4-10% — “27,
11-25% — “3”, the occurrence of the varieties was marked
as “1”, their absence was marked as “0”. The RDA was se-
lected on the basis of the length of the environmental gra-
dient (shorter that 3 standard deviation units) obtained in a
detrended correspondence analysis (DCA) with detrending
by segments, without transformation of species and varieties
data and without downweighting of rare taxa. The RDA was
run with the following options: focus scaling on inter—speci-
es correlations, species scores divided by standard deviation,
no transformation of species data, centering by species. The
analysis of the relationships between the genus Pediastrum,
its species and the environmental variables was conducted
for 31 localities, whereas the analysis of the relationships be-
tween the varieties and the variables were performed for 28
localities, omitting those where the varieties were not found.
Conductivity values were log  transformed prior to the ana-
lyses because of their skewness. Nitrate and orthophosphate
values under detection levels were replaced with “2.5” and
“0.075”, respectively. Automatic forward selection was used
to assess the relative value of each environmental variable in
describing the variability of Pediastrum occurrence. Monte
Carlo permutation test (499 unrestricted permutations, P <
0.05) was performed to verify which environmental variables
statistically significantly explain the taxonomical variation in
the analyzed data sets. RDA diagrams were plotted on the
first and second ordination axes.

REsuLTS

Thirty water bodies analyzed in the present study va-
ried with respect to morphometry, catchment, trophy
and physicochemical water parameters. Among them,
there were ponds having less than 1 ha and larger water
bodies, up to more than 2000 ha. They had a manmade,
forest or mix catchment and ranged from oligo/me-
sotrophic to eutrophic; one lake was humoeutrophic.
Their water temperature varied from 15.7 °C to 25.0
°C. All water bodies were alkaline; pH values were
7.4-9.6. The range of conductivity was broad, 46—1740
uS.cm™!. Carbonate hardness varied from 1.2°n to
15.6°n. Nitrate concentration was below the threshold
of detection of 5 NO,” mg.dm™ in most of the water bo-
dies studied; higher values, 5, 10 and 20 NO, mg.dm,
were noted in a few of them. Orthophosphate concent-
ration varied between below than 0.15 (the threshold of
detection) to 1.5 PO, mg.dm™ (Table 1).
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Altogether, thirteen Pediastrum species were observed
in the water bodies studied. P. boryanum, P. duplex and
P tetras were most frequently found, at 29, 18 and 18
localities, respectively. On the contrary, P. integrum, P.
musteri, P. patagonicum, and P. privum occurred at sin-
gle localities (Table 2). Additionally, thirteen varieties
of P. boryanum (7), P. duplex (3), P. simplex (2) and P,
biradiatum (1) were identified. Among them, P. borya-
num varieties, boryanum, forcipatum and perforatum,
were most frequently observed (at 19, 11 and 9 loca-
lities, respectively), whereas P. biradiatum var. bira-
diatum, P. boryanum var. brevicorne and P. boryanum
var. cornutum were found at single localities (Table 3).

The genus as a whole and most of its species
usually had a low share (< 3%) in the algal communi-
ties. There were only six localities where Pediastrum
had a share of 4-25%. These were three coastal lakes, a
suburban pond, a fish pond and an oxbow lake. Among
Pediastrum species, the highest share belonged to P,
simplex (11-25%) in the oxbow lake mentioned and to
P. boryanum (4-10%) in one of the coastal lakes (Table
2).

All localities were compared with regard to the
occurrence of Pediastrum taxa in the classification dia-
gram. Seven groups of localities were distinguished.
They were enumerated, starting with the most distinct
group (Fig. 2). The first group comprises only two
lakes (nos. 13 and 14) with low trophy and a forest
catchment, situated in the Southern Baltic Lakelands.
The lakes had low values of all physicochemical para-
meters measured (Fig. 2). Only P. angulosum var. an-
gulosum was noted in the lake no. 13. Apart from this
taxon, P. boryanum var. cornutum and P. tetras were
found in the second lake. The second group consists of
four mesotrophic and eutrophic localities situated in the
Eastern Baltic Lakelands. They had alkaline pH (8.5—
8.7), medium conductivity values (230-358 uS.cm™),
low nitrates and orthophosphates (<5.0 mg.dm= and
<0.25 mg.dm, respectively), and carbonate hardness
8.0-13.0°n. They distinguished themselves by the
occurrence of a single taxon, P. boryanum var. perfo-
ratum, and exceptionally a taxon of P. duplex undeter-
mined to the variety level at the locality no. 11. The
next group comprises five lakes and ponds from diffe-
rent regions of Poland where 2-3 taxa of P. boryanum
and/or P. duplex and P. tetras or P. simplex occurred.
The water bodies were mesotrophic and eutrophic and
had broad ranges of most physicochemical parameters
measured (Fig. 2). Similarly to the previous group, the
fourth one consists of mesotrophic and eutrophic lo-
calities from different regions of Poland, which repre-
sent various environmental conditions; the pH values
were ca 8.5, conductivity 292-537 uS.cm™, nitrates
<20.0 mg.dm™ and orthophosphates <0.5 mg.dm>. In
this group, a low number of taxa (1-3) was also ob-
served. The group is characterized by two P. boryanum
varieties, boryanum and/or longicorne. At some loca-
lities, P. simplex var. echinulatum and P. duplex var.
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Table 2. Per cent shares of the genus Pediastrum as a whole and its species in algal communities (in systematic order according to KOMAREK

& Jankovska 2001) at localities.

<3% 4-10% 11-25%

Pediastrum MEYEN spp.

P. simplex MEYEN

P. musteri TELL et MATALONI

P. patagonicum TELL et MATALONI

P. kawraiskyi SCHMIDLE

P, orientale (Skuia) JANKOVSKA et KOMAREK
P, integrum NAGELI var. integrum

P. boryanum (TurPIN) MENEGHINI

P. duplex MEYEN

P. alternans NYGAARD

P. angulosum (EHRENBERG) MENEGHINI var. angulosum
P. privum (PrRiNTZ) HEGEWALD

P, tetras (EHRENBERG) RALFs

P, biradiatum MEYEN

1, 5-16, 18-24, 26-28, 30-31
18,20, 2224, 26-27 29
4

2-4,17,25 29

27

1-5

2-4,27

15

1-3,5,7-12, 14-31 4
1-6, 11, 15, 17, 20-26, 29-30
1,3-5

13-15

15

2,4-6, 10, 14-17, 20-21, 24-30
3,17,25

Table 3. Occurrence of P. simplex, P. boryanum, P. duplex and P. biradiatum varieties (in systematic order according to KOMAREK & JANKOVSKA

2001) at localities.

P. simplex MEYEN var. simplex

P. simplex var. echinulatum WITTROCK

P. boryanum (TUrPIN) MENEGHINI var. boryanum
P. boryanum var. pseudoglabrum PARRA

P. boryanum var. cornutum (RACIBORSKI) SULEK
P. boryanum var. perforatum (RACIBORsKI) NITARDY
P. boryanum var. longicorne REINSCH

P. boryanum var. brevicorne A. BRAUN

P. boryanum var. forcipatum (Corpa) CHODAT
P. duplex MEYEN var. duplex

P. duplex var. rugulosum RACIBORSKI

P. duplex var. asperum (A. BRAUN) HANSGIRG

P. biradiatum MEYEN var. biradiatum

20,24, 27,29

18, 23,26-27, 29

1-5, 10, 15, 17-21, 23-27, 29, 31
1,3-5, 24,26, 29

14

1,3,5,7-11,15-16, 25
3,5,12,15-17,25, 31

1

1,3-5, 17, 20, 24, 26, 29

3,21-22,29-30
2,4,15,17,25
25-26

17

indet. occurred. The group no. 5 comprises five lakes
and ponds having various trophy (meso/eutrophic to
humoeutrophic), located in the Eastern and Southern
Baltic Lakelands and Central Polish Lowlands. The
water bodies had low nitrates and orthophosphates
(<5.0 mg.dm™ and <0.25 mg.dm™, respectively). The
ranges of the other physicochemical parameters mea-
sured were broad (Fig. 2). The number of taxa in the

water bodies of this group was variable, from 3 to 8.
The occurrence of P. tetras and P. boryanum var. lon-
gicorne and/or P. boryanum var. boryanum was the
common feature of this group. Additionally, other P
boryanum varieties including forcipatum, perforatum,
pseudoglabrum, P. duplex varieties including aspe-
rum and rugulosum and other species, P. angulosum,
P biradiatum, P. integrum and P. privum, occurred in
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some of the water bodies. The sixth group consists of
all five coastal lakes (Southern Baltic Coast) analyzed
in the present study. The lakes are eutrophic, have high
pH values (8.9-9.6), a broad range of conductivity va-
lues, from 152 up to 1740 puS.cm™', and low nitrates
(<0.5 mg.dm™). In contrast to the other water bodies,
the coastal lakes were characterized by rich taxonomic
composition (8—10 taxa, except no. 2, where only 5
taxa were observed). P. boryanum var. boryanum and
P. kawraiskyi were found in all coastal lakes. P. alter-
nans, P. boryanum varieties including forcipatum, per-
foratum and pseudoglabrum, P. orientale and P. tetras
occurred in most of the lakes. The last group comprises
eutrophic fish ponds, a village pond and an oxbow lake
located in different Polish regions and strongly diffe-
ring from one another with respect to environmental
conditions (Fig. 2). Five to seven taxa were noted in
each water body. P. boryanum var. boryanum, P. sim-
plex (var. simplex and/or echinulatum) and P. tetras
were common taxa for this group. Other P. boryanum
varieties including forcipatum and pseudoglabrum, as
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well as various P. duplex varieties were found in most
of the water bodies.

In redundancy analysis (RDA) of relationships
between the genus Pediastrum as a whole, species and
environmental variables (pH, conductivity, carbonate
hardness, nitrate and orthophosphate concentrations),
the first two axes accounted for 17.1% (axis 1) and
9.3% (axis 2) of the variation of taxa composition, and
52.3% (axis 1) and 28.5% (axis 2) of the relationships
between taxa composition and environmental varia-
bles. In RDA of relationships between P. biradiatum,
P boryanum, P. duplex and P. simplex varieties and
the environmental variables mentioned above, the first
two axes explained 13.2% (axis 1) and 8.9% (axis 2)
of the variation of taxa composition, and 47.6% (axis
1) and 32.5% (axis 2) of the relationships between taxa
composition and environmental variables. The varia-
bles accounted for 32.7% of variability of occurrence
of the genus Pediastrum as a whole and its species, and
27.6% of occurrence of the varieties of the four species
mentioned above. Among the environmental variables,
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Fig. 2. Classification dendrogram of similarities between localities based on presence of Pediastrum taxa. Values of environmental variables

divided on three groups marked with colours ( X

I espectively): pH (7.4-8.1, 8.2-8.9, 9.0-9.7), (CON) conductivity, 1.662-2.188,

2.189-2.715, 2.716-3.242, log,, transformed; (CHA) carbonate hardness, 1.1-5.9°n, 6.0-10.8°n, 10.9-15.7°n; (NIT) nitrate concentration,
2.5-8.3 mg.dm?, 8.4-14.2 mg.dm>, 14.3-20.1 mg.dm=; (PHO) orthophosphate concentration, 0.074-0.549 mg.dm=, 0.550-1.025 mg.dm™,

1.026-1.501 mg.dm™.
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Fig. 3. RDA ordination biplot showing relationships between the genus Pediastrum as a whole, its species and environmental variables: pH,
conductivity (CON), carbonate hardness (CHA), nitrate (NIT) and orthophosphate (PHO) concentrations. Abbreviations of Pediastrum names:
(Pal) P. alternans, (Panan) P. angulosum var. angulosum, (Pbi) — P. biradiatum, (Pbo) P. boryanum, (Pdu) P. duplex, (Pinin) P. integrum var.
integrum, (Pka) P. kawraiskyi, (Pmu) P. musteri, (Ppa) P. patagonicum, (Ppr) P. privum, (Pspp) Pediastrum spp., (Psi) P. simplex, (Pte) — P.
tetras. The eigenvalues of axis 1 (horizontally) and axis 2 (vertically) are 0.17 and 0.09, respectively.

conductivity, pH and carbonate hardness were statis-
tically significantly correlated with the occurrence of
Pediastrum species and the genus a whole, explaining
14%, 7% and 7% of its variability, respectively, where-
as conductivity and pH were statistically significantly
correlated with the occurrence of Pediastrum varieties,
explaining 9% and 8% of its variability, respectively.
From the ordination plot of Fig. 3, it follows that the
genus and its two most often found species, P. bory-
anum and P. duplex, were most strongly positively
correlated with conductivity (upper right quadrant).
However, intraspecific P. boryanum and P. duplex taxa
showed different ecological preferences. The occurren-
ce of P. boryanum varieties, var. boryanum, forcipa-
tum and pseudoglabrum (upper right quadrant), was
correlated with indicators of higher trophic conditi-
ons (orthophosphates and conductivity), whereas var.
cornutum, perforatum and longicorne (left upper and

lower quadrants) showed an affinity for lower trophy.
Among P. duplex varieties, var. duplex (lower right
quadrant) was correlated with high nitrate concentrati-
ons, whereas var. rugulosum (upper left quadrant) was
correlated with high pH (Fig. 4). High pH values pro-
ved to influence also the occurrence of P. alternans and
P. kawraiskyi (Fig. 3, lower right quadrant). Both P,
simplex varieties, var. simplex and echinulatum (lower
right quadrant), showed similar preferences towards
higher values of nitrates, orthophosphates and other
mineral compounds causing high conductivity and
carbonate hardness (Fig. 4). On the contrary, P. angu-
losum (lower left quadrant) was negatively correlated
with conductivity (Fig. 3).
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Fig. 4. RDA ordination biplot showing relationships between Pediastrum varieties and environmental variables: pH, conductivity (CON),
carbonate hardness (CHA), nitrate (NIT) and orthophosphate (PHO) concentrations. Abbreviations of Pediastrum names: (Pbibi) P. biradiatum
var. biradiatum, (Pbobo) P. boryanum var. boryanum, (Pbobr) P. boryanum var. brevicorne, (Pboco) P. boryanum var. cornutum, (Pbofo) P. bo-
ryanum var. forcipatum, (Pbolo) P. boryanum var. longicorne, (Pbope) P. boryanum var. perforatum, (Pbops) P. boryanum var. pseudoglabrum,
(Pduas) P. duplex var. asperum, (Pdudu) P. duplex var. duplex, (Pduru) P. duplex var. rugulosum, (Psiec) P. simplex var. echinulatum, (Psisi) P.
simplex var. simplex. The eigenvalues of axis 1 (horizontally) and axis 2 (vertically) are 0.13 and 0.09, respectively.

DiscussION

The study was carried out in thirty water bodies (thirty
one localities) representing a wide spectrum of lowland
and upland habitats in Poland (Table 1, Fig. 1). Eco-
logical preferences of Pediastrum, including thirteen
out of nineteen species and thirteen out of seventeen
varieties known from the country (LENARCzYK 2014),
were analyzed.

Three species, which were most often found in
the present study, P. boryanum, P. duplex and P. tetras,
occur commonly worldwide (KOMAREK & JANKOVSKA
2001). They also are among the most variable species
of the genus. Nine P. boryanum varieties and four P,

duplex varieties were listed by KoMAREK & JANKOV-
sKA (2001). The authors stated that a few varieties of
P. tetras described so far are questionable taxonomic
units which need revision. The three species serve as
examples of discrepancies between traditional taxo-
nomy relying on morphological features and modern
taxonomy based on molecular data. Recent phylogene-
tic studies reveled that strains exhibiting P. boryanum
morphology do not form one clade and some of them
are more closely related to P. angulosum or P. duplex
(BucHHEIM et al. 2005; McManus & Lewis 2011; JENa
et al. 2014). McManus & Lewis (2005, 2011) and Mc-
Manus et al. (2011) observed that the morphological
and genetical variability within P. duplex is so great
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that its strains form three distinct clades, of which one
includes also a few morphologically different species,
and another one comprises strains of P. duplex var. gra-
cillimum (not analyzed in the present study), renamed
as Lacunastrum gracillimum (W. WEsT & G.S. WEST)
H. McManus. Similarly, some strains of P. tetras (as
Stauridium tetras (Enr.) E. HEGEWALD) are more close-
ly related to strains representing P. privum (as Stauri-
dium privum (PrRiNTZ) E. HEGEWALD) than to the strains
with the morphology typical of P. tetras (McManus &
Lewis 2011). A thorough revision of Pediastrum based
on both molecular and morphological data is necessa-
ry, especially for such morphologically variable speci-
es like P. boryanum or P. duplex. Until the revision is
done, the species and varieties analyzed in the present
study, especially those mentioned in this paragraph,
should be considered morphological units.

All coastal lakes in the Southern Baltic Coast,
which grouped together in the cluster analysis (Fig. 2),
seem to be a hot spot for Pediastrum. This is shown
by the highest number of taxa (usually 8-10) in the
lakes compared to the others and the occurrence of
rare Pediastrum species like P. alternans, P. kawrais-
kyi, P. musteri and P. orientale. KOMAREK & JANKOVSKA
(2001) suggested that P. alternans and P. kawraiskyi
are relict species. P. alternans occurs in the Baltic Rim
countries (NYGAARD 1949; KoOMAREK & JANKOVSKA
2001; Kowarska & Worowskr 2010b). A record of P,
alternans from Namibia given by Jena et al. (2014)
should be revised due to morphological differences be-
tween the European and African specimens. According
to KoMAREK & JankovskaA (2001), P. kawraiskyi occurs
sporadically in colder areas of the temperate zones,
whereas P. orientale is known from distant localities.
Besides the coastal lakes, a few other localities of P,
alternans and P. orientale in Poland are in its central
and eastern regions, and numerous localities of P. ka-
wraiskyi are scattered in the whole country. P. musteri
was more often found in both Americas (TELL & MATA-
LONI 1990; IZAGUIRRE & VINOCUR 1994; Comas GONZA-
LEz & PErEz 2002; TELL 2004). In Poland, it is known
from two localities close to the Baltic Sea (LENARCZYK
2014). Other species, P. argentinense Bour. et TELL
(as synonym P. duplex var. cohaerens BoHLIN) and P,
obtusum Lucks, which occur rarely worldwide (KomA-
REK & JankovskA 2001), were found in Polish coastal
lakes by STrzELECKI & PorToRAK (1971) and BURCHARD
et al. (2003). KowaLska & Worowski (2010b) assu-
med that coastal lakes are especially favourable for
Pediastrum. LENARCZYK (2014) described the lakes as
eutrophic and suggested that the inflow of saline sea-
waters enriches them with some mineral compounds
influencing the growth of rare Pediastrum species. For
example, chloride concentration in the lakes located
along the southern coast of the Baltic Sea may reach
up to 1000 mg.dm= (BurcHARDT et al. 2003; KOwALSKA
& Worowski 2010b). Other peculiarities of the lakes
are small depths and relatively large areas (Table 1),

which, together with the process of water mixing and
the permanent accessibility of fast releasing nutrients,
support the presence of high numbers and densities of
green algae, like P. boryanum var. boryanum and P. ka-
wraiskyi (BURCHARDT et al. 2003). Similarly, P. borya-
num reached its highest abundance in one coastal lake
in the present study, however only 4—10% share in the
algal community.

The low shares of the genus as a whole and its
species in most algal communities under study show
that Pediastrum does not cause water blooms. Ho-
wever, PARRA (1979) stated that under special unde-
fined conditions (particularly in slightly eutrophic
waters) some species, P. simplex, P. boryanum and P,
duplex, can occur in such abundances that water be-
comes green. In the present study, the highest share
(11-25%) belonged to P. simplex in an oxbow lake, in
southern Poland. The high share means that the speci-
es had good conditions for growth (compared to other
algae) in this water body, which is relatively shallow,
of alkaline pH and high conductivity, ca 1500 pS.cm™
(LENARCZYK 2014).

In the redundancy analysis, conductivity, re-
presenting the total concentration of ions in the water,
was the most statistically significant variable deciding
on the occurrence of the genus Pediastrum as a whole
and its species and varieties (Figs 3, 4). The genus was
most strongly positively correlated with conductivity.
This agrees with the conclusion of PArRrA (1979), who
pointed out that Pediastrum species are characteristic
of the plankton of small, warm water bodies, usually
rich in nutrients. Besides conductivity, pH was also
statistically significantly correlated with the occurren-
ce of the genus, species and varieties, and carbonate
hardness, representing the amount of calcium and mag-
nesium carbonates and bicarbonates, was statistically
significantly influencing the occurrence of the genus
and species. These variables explained ca thirty per
cent of the variability of Pediastrum occurrence. Not
only conductivity and pH, but also dissolved organic
carbon, water colour and precipitation were statistica-
lly significantly responsible for sixty seven per cent
of the variance of Pediastrum occurrence in Finnish
Lapland (WEckstrOM et al. 2009). On the contrary,
nitrate and orthophosphate concentrations were not
statistically significantly correlated with Pediastrum in
the present study. The concentrations were determined
with colorimetric tests giving values at discrete levels.
Such values are more difficult for interpretation than
continuous values.

In the present study, P. boryanum and P. duplex
varieties showed varied ecological preferences, which
agrees with literature data (e.g. KOMAREK & JANKOVSKA
2001; TeLL 2004; WECKSTROM et al. 2009).

Among them, a few P. boryanum varieties (bo-
ryanum, forcipatum and pseudoglabrum) and P. duplex
var. duplex were positively correlated with indicators
of higher trophy (conductivity, orthophosphates or nit-
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rates). According to KoMAREK & Jankovska (2001), P,
boryanum var. boryanum and P. boryanum var. pseu-
doglabrum occur in a wide range of various eutrophic
and usually slightly alkaline freshwaters; the little
known P. boryanum var. forcipatum is more thermo-
philic, occurring in tropical and warmer regions of the
temperate zones. More recent findings of the P. bory-
anum varieties are from oligotrophic and dystrophic
subarctic lakes in Finland (WECksTROM et al. 2009) and
Polish coastal lakes with increased chloride concent-
ration (KowaLska & Worowski 2010b). P. duplex var.
duplex showed a clear affinity for eutrophic ponds and
lakes in the study of LENarczyk (2014), whereas Ko-
MAREK & FotT (1983) stated that the taxon is probably
cosmopolitan in various types of water bodies.

Three other P. boryanum varieties (cornutum,
longicorne and perforatum) were positively correla-
ted with lower trophy. On the contrary, previous stu-
dies indicated that P. boryanum var. cornutum occurs
in eutrophic waters (KoMAREK & Jankovska 2001). In
the study conducted in Finnish Lapland, P. boryanum
var. longicorne dominated oligotrophic high altitude
lakes with higher pH and conductivity (WECKSTROM et
al. 2009). However, it must by pointed out that in the
lakes included in that study, the highest pH value was
7.6 and the highest conductivity value was 47 uS.cm™,
whereas in the present study such values were among
the lowest. KomAREK & Fo1T (1983) mentioned that the
taxon is distributed in clear lakes, whereas KoMAREK &
JankovskA (2001) stated that its occurrence is restric-
ted to peaty waters and it probably has a boreo—alpi-
ne distribution. However, it is also known from warm
regions of Argentina (TeLL 2004) and in Poland was
it found in mesotrophic, eutrophic and humoeutrophic
lakes (LeEnarczyk 2014). The observed occurrence of
P. boryanum var. perforatum is in agreement with pre-
vious records from clear lakes and ponds (KOMAREK &
JankovskA 2001). The cluster analysis revealed that
the taxon is typical of mesotrophic to eutrophic water
bodies which have alkaline pH, medium conductivity
and low nutrient concentrations (Fig. 2).

Pediastrum angulosum var. angulosum was
negatively correlated with conductivity in the present
study. The lakes where the taxon was found are descri-
bed as oligo/mesotrophic and humoeutrophic by LE-
NARCZYK (2014). The cluster analysis showed that it is
typical of lakes with a low trophic status (Fig. 2), what
confirms the previous findings of WECKSTROM et al.
(2009). There are discrepancies in the preferences of P
angulosum var. angulosum with respect to pH. Koma-
REK & JaNKOvsKkA (2001) stated that it is rather alkali-
philous and does not occur in peaty and acidic waters,
whereas PArrA (1979) described it as occurring mostly
in slightly acidic and neutral waters. WECKSTROM et al.
(2009) found its greatest abundance in a slightly acidic
lake having a pH of 6.4. In the present study, it was
found in alkaline waters (pH 7.4-8.2), but no correlation
between pH and its occurrence was observed (Fig. 3).
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In one of the lakes where P. angulosum var. angulo-
sum was found two other taxa, P. integrum var. inte-
grum and P. privum, were observed. The brown water
colour, the relatively high pH (8.2) and medium con-
ductivity (148 uS.cm™) values indicate that the lake is
humoeutrophic, midway between dystrophic and har-
monic (GOrRNIAK 1996). KoMAREK & Jankovska (2001)
stated that P. integrum var. integrum occurs rarely in
clear, usually oligotrophic to dystrophic swamps and
on rocky walls with dripping water. On the contrary,
P privum seems to be more adaptable to various en-
vironmental conditions. Most records of this species
are from clear northern lakes, dystrophic water bod-
ies and peat bogs (KowaLska & Worowski 2010a), but
some are from eutrophic ponds (AN et al. 1999), a river
(HmpAk & HmpAkova 2004; HpAk & HINDAKOVA
2008) and the Baltic sea (HALLFORs 2004) as well.

Three taxa were positively correlated with high
pH values in the present study. Among them, P. alter-
nans and P. kawraiskyi were found only in eutrophic
coastal lakes with pH 8.9-9.6, whereas P. duplex var.
rugulosum was found in meso/eutrophic and humo-
eutrophic water bodies with pH 8.2-9.3. Similarly, pre-
vious findings of P. alternans in Poland and Denmark
were from eutrophic lakes with pH 8-9 (NyGaarD
1949; PasztaLenNiEc & PoniEwozik 2004). KoMAREK
& JankovskA (2001) presumed that it requires large
oligotrophic to mesotrophic lakes which are cold and
clear. Similar ecological preferences were given by the
authors for P. kawraiskyi. WECKSTROM et al. (2009) sta-
ted that P. kawraiskyi dominates high—altitude Finnish
lakes with higher pH, but the maximum pH in the ana-
lyzed data set was only 7.6. In Argentina, it was found
only in cold and mountainous regions (TELL 2004).
However, numerous records of P. kawraiskyi from
Poland comprising paraoligotrophic and eutrophic, as
well as hypertrophic and polluted habitats (LENARCZYK
2014) indicate that the species is quite tolerant to vary-
ing ecological conditions. According to PArra (1979),
P. duplex var. rugulosum occurs in neutral to slightly
alkaline waters. KoMAREK & JankovskA (2001) stated
that it has been occurring in large numbers since the
Late Glacial and has adapted to increasing eutrophica-
tion of water biotopes.

Both P. simplex varieties, simplex and echinu-
latum, which were positively correlated with conducti-
vity, carbonate hardness and nutrient concentration,
occurred only in eutrophic lakes and ponds (Table 1).
In contrast, KoMAREK & JankovskA (2001) stated that
the species occurs mainly in mesotrophic and not very
polluted water bodies. However, the difference in eco-
logical preferences may result from the fact that these
data consider the species as a whole, whereas only two
from seven varieties were analyzed in the present stu-
dy. According to CoeseL & Krienitz (2008), P. simplex
belongs to the so called ,,invading species”, which pre-
viously were “tropical/subtropical”, but increased their
distribution area in the last decades and are encounte-
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red regularly in the temperate zone nowadays.

The weak correlations between the occurrence
of P. tetras and all environmental variables measured
indicate that the species is indifferent to changes in habi-
tats. Such indifference was also stated by PArRrA (1979).
The species occurs in both mesotrophic and eutrophic
lakes, ponds and in swampy water biotopes (MATULA
1995; KoMAREK & JankovskA 2001). However, studies
in Finnish Lapland showed that it is restricted to more
dystrophic low altitude lakes (WEcksTROM et al. 2009).
KoMAREK & Jankovska (2001) pointed out that P. te-
tras probably occurs in several various morphotypes
which can have geographically delimited areas of dis-
tribution. Recent phylogenetic studies revealed that
P tetras (as Stauridium tetras) is paraphyletic, with
P privum (as S. privum) nested within it (McManNus
& Lewis 2011). Nevertheless, detailed morphological
studies on strains from distant localities are necessary
to detect potential separate taxonomic units within P,
tetras.

The present study gives new insights into ecolo-
gical preferences of Pediastrum. The study can be use-
ful to interpret paleoenvironmental data since at least
some Pediastrum taxa and communities show a bioin-
dicative potential in lowland and upland waters of the
northern temperate zone. This potential results from
the fact that the occurrence of particular Pediastrum
taxa and communities is influenced by different envi-
ronmental conditions. There are taxa characteristic of
low or high trophy, like P. angulosum and P. boryanum
varieties, connected with high pH, like P. kawraiskyi,
and typical of brackish waters, like P. alternans and P.
musteri. The present study also shows that the number
of taxa is lowest in freshwaters with low trophy and
highest in eutrophic brackish lakes. Moreover, NEU-
sTurA & Hopac (2005) demonstrated that not only the
occurrence of Pediastrum but also its morphology de-
pends on environmental conditions. They assumed that
Pediastrum taxa can be convenient model organisms
for investigating the interactions between environment
and morphology in palacolimnology and freshwater
biomonitoring. Further morphometric analysis of cells
and coenobia in the gradients of individual variables
could be useful for detailed inference about environ-
mental changes.
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